New insights into the regulation of stomatal movements by red light, carbon dioxide and circadian rhythms by Matrosova, Anastasia
New Insights into the Regulation of 
Stomatal Movements by Red Light, Carbon 
Dioxide and Circadian Rhythms 
Anastasia Matrosova 
Faculty of Forest Sciences 
Department of Forest Genetics and Plant Physiology 
Umeå 
Doctoral Thesis 
Swedish University of Agricultural Sciences 
Umeå 2015 
Acta Universitatis agriculturae Sueciae 
2015:121 
ISSN 1652-6880 
ISBN (print version) 978-91-576-8440-0 
ISBN (electronic version) 978-91-576-8441-7 
© 2015 Anastasia Matrosova, Umeå 
Print: Arkitektkopia AB, Umeå 2015 
Cover: A magnified epidermal layer with guard cells from an Arabidopsis thaliana 
leaf 
(photo: Anastasia Matrosova) 
New Insights into the Regulation of Stomatal Movements by Red 
Light, Carbon Dioxide and Circadian Rhythms 
Abstract 
Stomata are small adjustable pores formed by pairs of guard cells that enable gas 
exchange between leaves and the atmosphere, thus directly affecting water loss and 
CO2 uptake in plants. The current work focuses on the regulation of stomatal 
movements by red light, carbon dioxide and the circadian system and attempts to 
uncover molecular mechanisms that control guard cell function. 
The signaling pathway that underlays stomatal opening in response to red light is yet 
to be fully elucidated. Here, the HIGH LEAF TEMPERATURE 1 (HT1) protein 
kinase, known as a negative regulator of high CO2 stomatal closure, is shown to be a 
key component of stomatal signaling in response to red light (Paper I). It was 
demonstrated that HT1 is epistatic to the positive regulator of ABA- and high CO2-
induced stomatal closure OPEN STOMATA1 (OST1) protein kinase both in red light- 
and CO2-induced signal transduction in guard cells (Paper I). A photosynthesis-induced 
drop in intercellular CO2 as well as processes originating in the photosynthetic 
electron transport chain (PETC) have been proposed to signal the guard cell response to 
red light. Investigation of the effect of PETC inhibitors on stomatal conductance in 
Arabidopsis thaliana ecotypes Col-0 and Ely-1a has suggested the redox state of 
plastoquinone (PQ) pool to be involved in the regulation of stomatal movements (Paper 
II). 
The full mechanisms that link the regulation of stomatal movements to the circadian 
clock are yet unknown. The blue light receptor, F-box protein and key element of the 
circadian clock ZEITLUPE (ZTL) was here shown to physically interact with OST1 
protein kinase (Paper III). Furthermore, Arabidopsis thaliana mutant plants and 
Populus transgenic lines that lack the activity of ZTL or OST1 demonstrated similar 
phenotypes, affected in stomatal movement control (Paper III). The work supports a 
requirement of both ZTL and OST1 in the regulation of guard cell turgor and suggests a 
direct link between the circadian clock and OST1 activity. 
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clock. 
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Abbreviations 
[Ca
2+
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ABA abscisic acid 
ABI Abscisic Acid Insensitive 
ABRE ABA-responsive elements 
AHA1 Arabidopsis H
+
-ATPase 1
AREB1/ABF2 ABSCISIC ACID RESPONSE ELEMENT-BINDING 
FACTOR 1 
AtALMT12 Arabidopsis thaliana aluminium-activated malate 
transporter family 
BLUS1 BLUE LIGHT SIGNALING1 
bZIP basic leucine zipper transcriptional factors 
CA carbonic anhydrase 
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CCA1 CIRCADIAN CLOCK ASSOCIATED 1 
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GMC guard mother cell 
GORK GUARD CELL OUTWARD RECTIFYING K
+
 
CHANNEL 
gs stomatal conductance 
H2O2 hydrogen peroxide 
HAB Hypersensitive to ABA 
HCO3
-
 Bicarbonate 
HT1 HIGH LEAF TEMPERATURE 1 
IRGAs infra-red gas analysers 
K
+
in channel K
+ 
inward-rectifying voltage-gated channel 
K
+
out channel K
+ 
outward-rectifying voltage-gated channel 
KAT1 POTASSIUM CHANNEL IN ARABIDOPSIS 
THALIANA 1 
LCF Leaf Chamber Fluorometer 
LED light emitting diode 
LHY LATE ELONGATED HYPOCOTYL 
LOV light, oxygen or voltage 
LUX LUX ARRHYTMO 
MAPK mitogen-activated protein kinase 
NADPH nicotinamide adenine dinucleotide phosphate-oxidase 
NO nitric oxide 
NPQ non-photochemical quenching 
O3 Ozone 
OST1 protein kinase OPEN STOMATA 1 
PCL1 PHYTOCLOCK 1 
PhiCO2 the CO2 assimilation of photosynthesis at a given light 
intensity 
PhiPSII the quantum yield of photosynthesis 
PHO1 phosphate transporter 
PHOT1/2 phototropin 1 and 2 
PP2C 2C-type protein phosphatase 
PQ plastoquinone 
PRR PSEUDO RESPONSE REGULATOR 
PsbO PHOTOSYSTEM II SUBUNIT O 
PSII photosystem II 
PYR/PYL/RCAR pyrabactin resistance1/PYR1-like receptors/regulatory 
components of ABA receptors 
qP photochemical quenching 
QUAC1 quick anion channel 
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RHC1 RESISTANT TO HIGH CARBON DIOXIDE 1 
ROS reactive oxygen species 
R-type rapid anion channels 
Rubisco ribulosebisphosphate carboxylase/oxygenase 
SBPase sedoheptulose-1,7-bisphosphatase 
SLAC1 SLOW ANION CHANNEL-ASSOCIATED 1 
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1 Introduction 
1.1 The structure and function of guard cells 
The gas exchange between plants and the environment depends on specialized 
epidermal cells called guard cells. Pairs of guard cells form small pores called 
“stomata” which literally means “mouth” in Greek due to the stomatal function 
that allows for water diffusion and CO2 uptake between plants and the 
atmosphere. All vascular plants as well as some more primitive plants contain 
stomata. Guard cells are able to integrate environmental and endogenous 
signals and convert them into the appropriate turgor pressure changes. Thus the 
guard cells shrink or swell which results in opening or closing of the stomatal 
pore (Roelfsema and Hedrich, 2005; Kim et al., 2010). Such stomatal 
movements facilitate the regulation of water loss through transpiration and the 
optimization of photosynthesis in response to changing environments. 
Guard cells are relatively small with a length of 10 – 80 µm and a width 
between 9 – 50 µm. The function of guard cells is much determined by their 
structural features. Stomata can form a kidney or dumb-bell shape. Kidney-
shaped guard cells are mainly characteristic for dicots, whereas the dumb-bell-
shape is prevalent for most monocots (grasses). Stomata in monocots are 
arranged in regular arrays whereas in dicots the distribution among other 
epidermal cells is random. The cell wall of guard cells has a highly specialized 
structure. Some places of the cell wall are substantially thickened, up to 5 µm, 
as compared to 1-2 µm thickness in other epidermal cells. This enables cell 
stability under the large turgor pressure changes that drive stomatal 
movements. Another distinct feature of the cell wall of guard cells is the 
alignment of cellulose microfibrils which are radially distributed, this allows 
for cell size flexibility. Some plant species have additional epidermal cells 
called subsidiary cells that surround guard cells. Subsidiary cells provide a 
cushion for the adjacent epidermal cells while guard cells expand or contract. 
(Heldt et al., 2005; Taiz and Zeiger, 2006). Approximately 0.5 to 3% of the 
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leaf surface is filled by stomatal pores, where the number of stomata on the 
abaxial (lower) side of the leaf is usually higher compared to that of the adaxial 
(upper) side. The abaxial guard cells are often bigger and more opened than the 
adaxial ones (Willmer and Fricker, 1996). Moreover, the guard cells from the 
lower surface of the leaf are more sensitive to environmental factors and 
provide the major part of the leaf gas exchange (Lawson et al., 2003). 
Compared to other cell types, guard cells have a high metabolic activity 
provided by an abundance of mitochondria. On the contrary, the amount of 
chloroplasts in guard cells is lower and their size is smaller as compared to 
mesophyll cells. The guard cell chloroplasts have low chlorophyll content, 
limited thylakoid structures and contain few granal stacks. The efficiency of 
electron transport flow and Calvin cycle in guard cells is therefore lower than 
that in mesophyll cells (Vavasseur and Raghavendra, 2005). As a result, guard 
cells possess high rates of respiration and limited photosynthetic capacity. 
However, photosynthesis in guard cells is functional, although at a lower 
efficiency than that of mesophyll cells (reviewed in Lawson 2009). A recent 
study has shown that guard cell photosynthesis plays an important role in the 
guard cell turgor maintenance (Azoulay-Shemer et al., 2015). 
Stomatal movements result from the transport, accumulation and release of 
osmotically active solutes in guard cells (Lawson and Blatt, 2014). K
+
 and Cl
-
act as the main inorganic ions, and malate
2-
 and sucrose as the main organic
ions. Malate is synthesized in the guard cell cytosol and functions as a key 
organic solute during stomatal movements. The transport of osmolytes against 
their concentration gradient across guard cell vacuolar and plasma membrane 
is driven by H
+
-translocating transporters such as H
+
-ATPases (Roelfsema and
Hedrich, 2005). An accumulation of the solutes increases the guard cell 
osmotic potential that in turn leads to a drop in water potential. The consequent 
water inflow to the cell causes a rise in the turgor pressure (Roelfsema, 2004). 
Guard cells swell, thus increasing the guard cell volume, leading to opening of 
the stomatal pore. Mature guard cells lack plasmodesmata (Willmer and 
Sexton., 1979). Therefore, transport of water and solutes goes through 
aquaporins and ion channels situated in the plasma membrane and the vacuole 
(Roelfsema and Hedrich, 2005) (Fig 1). 
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Figure 1. General model of ion fluxes during stomatal opening and closure. Stomatal opening is 
induced via activation of plasma membrane H
+
-ATPase. The protein provides H
+
 extrusion 
outside of guard cell which leads to decreased membrane potential (-110 mV) and 
hyperpolarization. The consequent activation of inward-rectifying K
+
 channels provides K
+
 
influx. As one of the counter anions, Cl- enters guard cell by symport with H
+
, whereas malate is 
produced in the cytosol. The electrochemical proton gradient across vacuolar membrane is 
provided by V-Type ATPases which transfers H
+
 inside the vacuole lumen. Anion channels 
transport Cl
-
 inside the vacuole along the vacuolar electrical potential (-40 mV). A malate carrier 
maintains cytoplasmic levels of malate decreased. An H
+
-driven antiporter takes up K
+
 against the 
vacuolar membrane potential. During stomatal closure, K
+
 efflux through outward rectifying 
channels causes vacuolar membrane depolarization (0 mV) which is accompanied by Cl
-
 
extrusion through an anion channel. Consequent activation of plasma membrane anion channels 
provides anion efflux from cytoplasm and depolarization of plasma membrane (-50 mV). Due to 
membrane potential change, K
+
 outward-rectifying channels are activated and release K
+
. 
The stomatal conductance at a given time point is a function of the density, 
size and degree of opening of the stomatal pores. Both the amount and the size 
of the stomatal aperture in turn depend on environmental conditions. It has 
been shown that stomatal density and size can be negatively correlated 
(reviewed in Lawson and Blatt et al, 2014). Stomatal opening is induced by 
abiotic factors such as low carbon dioxide concentration (CO2), high 
atmospheric humidity and light. The regulation of guard cell movements by 
light is complex and depends on the wavelength: red and blue light induce 
opening of stomata independently. Additionally, opening and closing of 
stomata during a 24 hour cycle is regulated by a circadian clock as to anticipate 
the transitions between light and dark. This provides an induction of stomatal 
opening in the morning before the break of dawn and closing in the evening 
before dusk (Webb, 2003). In addition, light and darkness alone may induce 
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stomatal opening and closing respectively in C3 and C4 plants. Guard cells of 
Crassulacean acid metabolism (CAM) plants are closed during the day and 
opened in darkness at night to prevent water loss. The transpiration rate at 
night is decreased due to lower atmospheric air temperature and relatively 
higher humidly, than during the day. During the night in CAM plants CO2 is 
taken up and converted into malate in the vacuoles and during the day it is 
released in chloroplasts and used in photosynthesis in a water conserving 
manner. Stomatal closing can be induced by elevated ozone and drought 
conditions and is mediated through abscisic acid (ABA) signaling (Acharya 
and Assmann, 2009). Elevated CO2 also causes stomata to close as sufficient 
amount of CO2 can be taken up while minimizing the water loss. 
1.2 Regulation of stomatal development 
An altered water availability, temperature, light, wind speed and CO2 can 
affect stomatal apertures within minutes. Altered environmental conditions can 
also induce long-term changes in stomatal density that in turn determines the 
limits for maximum stomatal conductance. By optimizing plant water loss and 
CO2 uptake, stomata aid in determining the water use efficiency of the plant as 
well as the maximum rate of photosynthesis, leaf temperature, resistance to 
heat stress and nutrient uptake through promotion of root mass flow (Haworth 
et al., 2011). Large differences in CO2 concentration and light intensity within 
plant communities may therefore affect the development of stomata. The 
number of newly developed stomata is greater at relatively lower [CO2] while 
at relatively higher [CO2] less stomata is formed. A higher light intensity also 
increases stomatal index and density (Lake et al., 2001). It was shown that the 
newly developing leaves adapt their stomatal density to the conditions of the 
mature leaves exposed either to altered [CO2] or shaded light. This indicates 
that both light and CO2 can regulate stomatal development through long-
distance signaling. Moreover, the responses triggered by light and CO2 are 
correlated, which is of a significant ecological importance (Lake et al., 2001). 
The relationship between [CO2] and stomatal density has been used to analyse 
fossil plants to predict the historical fluctuations in the atmospheric 
temperature in correlation with CO2 changes throughout millions of years 
(Kürschner, 2001). By calibrating the stomatal density in fossil leaves to [CO2] 
in experiments using living Gingko specimens, it was possible to reconstruct 
long-term trends in the changing levels of atmospheric CO2 from the fossil 
record. The data obtained were compared to atmosphere temperature levels 
chaining through 300 million years. It demonstrated that the periods of low 
CO2 corresponded to the cold periods of Earth’s climate, whereas warming 
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trends were accompanied by increased CO2 levels. The increasing levels of 
atmospheric [CO2] contribute to tremendous environmental changes including 
global warming, changes in biodiversity and decreased fresh water resources. 
The reduction of stomatal conductance under elevated [CO2] will reduce plant 
transpiration that in turn may cause a continental run-off of fresh water (Betts 
et al., 2007). Despite such negative ecological effects, elevated atmospheric 
[CO2] also leads to increased biomass production and has been suggested to 
positively impact the water-use efficiency of forests through reduced stomatal 
conductance levels, which ultimately preserves water availability under 
desiccation (Keenan et al., 2013). A recently introduced global-scale database, 
of stomatal conductance from field-grown plants, confirms a relationship 
between climate and gs and therefore water use efficiency (Lin et al., 2015). 
This extensive database can now be used as a tool in establishing various 
ecosystem productivity models. 
In almost all plant species, at least one epidermal cell separates mature 
stomata from each other. This rule of stomatal patterning is important to 
maintain normal guard cell function. The activity of genes involved in control 
of stomatal development ensures that the need for gas exchange and the proper 
function of stomata are fulfilled. Each consequent step in stomatal 
development is highly organized and regulated by a number of transcriptional 
factors and mitogen-activated protein kinases (MAPK) (Nadeau, 2009; Dow 
and Bergmann, 2014). In Arabidopsis, stomatal development is initiated by a 
series of asymmetric divisions of the epidermal precursor cells, protodermal 
cells, which lead to formation of meristemoids. A meristemoid cell then 
transitions into a guard mother cell (GMC). Through a symmetric division 
GMC directly forms a pair of guard cells. The main transcription factor that 
controls this step is FAMA, named after the goddess of rumor (Ohashi-Ito and 
Bergmann, 2006). The small peptides EPIDERMAL PATTERNING FACTOR 
1 and 2 (EPF1 and 2) act as negative regulators of stomatal development. They 
function as ligands of the TOO MANY MOUTHS (TMM) transmembrane 
receptor (Nadeau, 2009). In contrast, the secretory mesophyll-derived peptide 
stomagen is a positive intercellular regulator of guard cell development 
(Sugano et al., 2010). Stomagen (45 amino acids) is derived from a precursor 
protein STOMAGEN (102 amino acids) and induces stomatal formation in a 
dose-dependent manner. It has been shown that TMM is epistatic to 
STOMAGEN (Sugano et al., 2010). This indicates that control of stomatal 
development is dependent on a competitive binding of EPF1 or 2 and stomagen 
to TMM. STOMAGEN is highly expressed in immature organs such as leaves, 
flower buds and stems. It is expressed in inner tissues (the mesophyll) of 
immature leaves but not in epidermis where guard cells develop. Stomagen is 
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produced in mesophyll and then secreted to the apoplast to induce stomatal 
development. Thus the photosynthetic tissues of a leaf regulate their own 
function by controlling the number of stomata in the epidermis (Sugano et al., 
2010). 
The stomatal development in leaves is reduced under elevated atmospheric 
CO2 as mentioned in the beginning of this section. This process is regulated by 
carbonic anhydrases (CA1 and CA4) as well as by the secreted protease CO2 
RESPONSE SECRETED PROTEASE (CRSP) (Engineer et al., 2014).  The 
pro-peptide EPF2 is cleaved by the CRSP protease to form a mature EPF2 
ligand that represses stomatal development. The Arabidopsis thaliana β-
carbonic anhydrase double mutant ca1ca4 shows increased stomatal 
development at high CO2concomitant with down-regulation of EPF2 (Engineer 
et al., 2014). Guard cell initiation is also inhibited by phytohormones, at least 
ABA and brassinosteroids (reviewed in Dow and Bergmann, 2014). Thus the 
development of guard cells is coordinated with accordance to both exogenous 
and endogenous cues. 
1.3 Stomatal closing 
A number of environmental factors lead to stomatal closure that protects plants 
from water loss and therefore minimizes negative effects of these often 
unfavorable conditions. Drought, [CO2], decreased relative humidity and 
elevated atmospheric ozone (O3) all lead to stomatal closure. Drought 
conditions induce production of the phytohormone ABA which in turn triggers 
the stomatal response. High atmospheric [CO2] leads to reduced stomatal 
apertures, which enables plants to receive enough carbon dioxide for 
photosynthesis while minimizing the water loss. Decreased relative humidity 
slows down the rate of transpiration which in turn serves as a signal for 
stomata to close (Xie et al, 2006). Ground-level O3 enters plants through open 
stomata and becomes degraded into reactive oxygen species (ROS) in the 
apoplast which causes an oxidative burst. The consequences are stomatal 
closure and a photosynthetic reduction that prevents further uptake of O3 
(Kangasjärvi et al., 2005). The factors leading to stomatal movements can 
trigger a fast physiological response taking place within minutes, involving 
activation and/or inhibition of ion channels, and a more long-term response 
generating changes on the transcriptional level. Several abiotic factors, leading 
to stomatal closure, activate pathways that merge at the level of ABA signal 
transduction in guard cells (Xue et al., 2011, Merilo et al., 2013). The ABA 
signaling network is complex and is of great importance in regulation of 
stomatal function and coordination of plant adaptation to stress. 
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1.3.1 Abscisic acid 
The phytohormone ABA is ubiquitous in plants and is found in all 
photosynthetic organisms (Finkelstein et al., 2013). It regulates different 
aspects of plant growth and development such as embryogenesis, seed 
maturation, dormancy and seed germination, stress tolerance and stomatal 
movements (Koornneef et al., 1998). Under drought conditions, the increased 
concentration of ABA provokes changes that lead to stomatal closure, a 
reduced transpiration and drought stress adaptations. ABA controls guard cell 
function through both induction of stomatal closure and inhibition of stomatal 
opening (Wang et al., 2010; Yin et al., 2013). ABA produced under water 
stress causes dephosphorylation of aquaporins which limits water loss and 
reduces the hydraulic conductance of the leaf, thus possibly triggering or 
contributing to stomatal closure (Pantin et al., 2013). Additionally, ABA 
induces intracellular accumulation of protectants such as small hydrophilic 
proteins dehydrins which confer desiccation tolerance (reviewed in Battaglia et 
al., 2008). 
ABA is derived from carotenoid precursors. The early steps of ABA 
biosynthesis take place in plastids and the final steps in the cytosol (Finkelsten, 
2013). The process of ABA formation is enhanced during oxidative stress 
conditions (high light, low CO2), when violaxanthin is converted into 
zeaxanthin to prevent over-oxidation of the photosynthetic reaction centers 
(Havaux and Niyogi, 1999). Zeaxanthin is an ABA precursor and facilitates the 
dissipation of excess energy and therefore prevents light damage of the 
photosystem II during oxidative stress conditions (Heldt et al, 2005). In other 
words, when oxidative stress induces the conversion of violaxanthin to 
zeaxanthin, the formation of ABA also increases. 
During recent years, important achievements were made in the 
understanding of ABA signal transduction in guard cells. Several components 
of ABA signaling pathways have been identified by genetic screens and a 
number of ABA-deficient mutants were revealed. The main signaling 
components include a key positive regulator of ABA signaling in guard cells 
OPEN STOMATA 1/ SNF-related protein kinase 2.6 (OST1/SnRK2.6) and the 
negative regulators the protein phosphatases of the 2C-type protein 
phosphatase (PP2C) family. Other components include calcium-dependent 
protein kinases (CDPKs), mitogen-activated protein kinases (MPKs), reactive 
oxygen species, anion channels and cytosolic calcium ion concentration 
([Ca
2+
]cyt). Some of the above-mentioned signaling components will be 
discussed in more detail below. 
The identification of the ABA receptor has been accomplished only in 
recent years due to redundancy of the receptor family. Eventually a yeast-two 
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hybrid screen (Ma et al, 2009) and a screen for resistance to pyrabactin (Park et 
al, 2009) led to the identification of the cytosolic ABA receptors designated as 
pyrabactin resistance1/PYR1-like receptors/regulatory components of ABA 
receptors (PYR/PYL/RCAR) (Gonzalez-Guzman et al., 2012). These receptors 
belong to the START domain superfamily consisting of 14 proteins in 
Arabidopsis. Several studies on the crystal structure of ABA receptors 
uncovered the mechanisms of their function. The receptor has an open ligand 
binding cavity where ABA binds causing a conformational change of the 
receptor (Raghavendra et al, 2010). ABA bound to PYR/PYL/RCAR 
physically interacts with PP2C protein phosphatases and forms a co-receptor 
complex (Raghavendra et al., 2010). The PYR/PYL/RCAR proteins at least 
partially regulate stomatal closing responses also to other environmental 
signals than ABA, such as high CO2, O3, darkness and low humidity (Merilo et 
al 2013). This may suggest that these abiotic conditions to some extent merge 
at the level of ABA signaling. In addition, a possible plasma membrane ABA 
receptor has been proposed. 
Many of the ABA signaling components downstream of the ABA receptor 
have been revealed. Several of them are also involved in other guard cell 
signaling pathways leading to stomatal closure. For example, drought and other 
abiotic stresses cause increased production of reactive oxygen species (ROS) 
and an oxidative burst. Under presence of ABA, hydrogen peroxide (H2O2) 
synthesis, mediated by NADPH oxidases, rises in guard cells. H2O2 induces 
rapid production of nitric oxide (NO), cytosolic alkalinization and the elevation 
of [Ca
2+
]cyt via activation of plasma membrane Ca
2+
-permeable channels, all of
which mediate stomatal closure. NO and H2O2 are important second 
messengers in guard cell ABA signaling which downregulate K
+
in channels
(Garcia-Mata et al., 2003). Elevated [Ca
2+
]cyt in turn activates efflux guard cell
anion channels (Hedrich et al., 1990). 
The efflux of anions from guard cells is achieved by slow-activating (S-
type) and rapid-activating (R-type) anion channels. The voltage-independent 
SLOW ANIONCHANNEL-ASSOCIATED 1 (SLAC1), with permeability to 
chloride (Cl
-
) and nitrate (NO3
-
), confers anion current activities to multiple
signals including ABA, high CO2, Ca
2+
, ozone and darkness and therefore
plays a pivotal role in stomatal closing responses (Vahisalu et al., 2008; Negi et 
al., 2008). The SLAC1 homolog 3 (SLAH3) is a voltage-dependent S-type 
plasma membrane anion channel that conducts nitrate. Both SLAC1 and 
SLAH3 contribute to the release of anions in guards cells in the presence of 
ABA. A possible R-type anion channel in guard cells has been identified as a 
member of the aluminum-activated malate transporter family (ALMT) of 
Arabidopsis thaliana, AtALMT12 (Meyer et al., 2010) or QUAC1 (quick 
21 
 
anion channel 1). The voltage-dependent vacuolar QUAC1 functions to release 
malate anions from guard cells into the apoplast and facilitates stomatal 
closure. Recently it has been shown that phosphate efflux through the 
phosphate transporter PHO1 anion channel also plays a role in the stomatal 
response to ABA (Zimmerli et al., 2012). The release of anions results in 
depolarization of the guard cell plasma membrane. Depolarization in turn leads 
to an inhibition of inward-rectifying K
+
 channels (KAT1, K
+
in) and proton 
pumps of the plasma membrane as well as an activation of outward K
+
 
channels such as GUARD CELL OUTWARD RECTIFYING K
+
 CHANNEL 
(GORK) (Osakabe et al., 2014). This causes a reduction in the osmotic 
pressure and guard cell turgor and hence leads to stomatal closing. 
A number of key phosphatases and protein kinases regulate ABA-induced 
stomatal closure by protein phosphorylation/dephosphorylation events that 
enable a fast response on protein activity and anion channel activation. As 
mentioned earlier in the text, PP2C protein phosphatases contribute to ABA 
perception complex with PYR1/PYL1/RCAR. Among them are ABSCISIC 
ACID INSENSITIVE 1/2 and HYPERSENSITIVE TO ABA 1 (ABI1/2 and 
HAB1) that function as negative regulators of ABA-induced stomatal closing 
(Raghavendra et al, 2010). A major positive regulator in guard cell ABA signal 
transduction is the protein kinase OPEN STOMATA 1 
(OST1/SnRK2.6/SnRK2E) (Mustilli, 2002; Youshida, 2002; Vlad, 2009). It 
belongs to a superfamily of sucrose-nonfermenting kinases (SNF) found in 
yeast. It is highly expressed in guard cells but also in vascular tissues (Hrabak 
et al, 2003; Fujii et al, 2007). ABA is sensed by the PYR/PYL/RCAR receptor 
that then binds and therefore inhibits PP2C (ABI1/2) phosphatase activity. In 
the absence of ABA, PP2Cs instead inhibits OST1 protein kinase by 
dephosphorylation (Vlad et al., 2009). The formation of a PYR/PYL/RCAR – 
PP2C heterotrimeric receptor complex therefore facilitates OST1 activation 
(Ma et al., 2009; Fujii et al, 2009). By using protein-protein interaction assays, 
it has been shown that OST1 and ABI1 interact with SLAC1. OST1 activates 
SLAC1 anion currents by phosphorylation. ABI1 prevents activation of 
SLAC1 by direct phosphorylation (Brandt et al., 2013) as well as through 
dephosphorylation of OST1 (Geiger et al., 2009). OST1 also activates R-type 
anion channel QUAC1 in guard cells (Imes et al., 2013). Alternatively, 
SLAC1, as well as SLAH3, is directly activated by Ca
2+
-activated CDPKs, 
(Brandt et al., 2012) which in the presence of ABA are released from ABI1 
inhibition and activated by elevated [Ca
2+
]cyt. 
In addition to stomatal closure activation, ABA also inhibits light-induced 
stomatal opening. It has been suggested that OST1 kinase regulates both of 
these processes. In the presence of ABA, SnRk2.6/OST1 downregulates the 
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inward-rectifying K
+
 channels (KAT1) by direct binding and phosphorylation
(Sato et al., 2009; Acharya et al., 2013). Another study showed an ABA-
induced inhibition of blue light-induced proton pump phosphorylation and the 
absence of ABA-inhibited proton pump phosphorylation in the ost1-3 mutant 
(Yin et al., 2013). Thus, it has been suggested that ABA inhibits guard cell 
plasma membrane H
+
-ATPase phosphorylation through OST1 activity. The
inhibition of stomatal opening by ABA is also coupled to down-regulation of 
cytosolic Ca
2+
, NO and ROS production as well as cytosolic alkalization (Yin
et al., 2013). 
Drought stress causes alterations in ABA-induced gene expression and 
many of these genes are also regulated by light and the circadian clock 
(reviewed in Fujita et al., 2011). ABA triggers activation of guard cell-
expressed transcription factors that bind genes containing ABA-responsive 
elements (ABREs) within their promoters. The transcription factor that binds 
ABRE motifs is named ABSCISIC ACID RESPONSE ELEMENT-BINDING 
FACTOR 1 (AREB1/ABF2). ABA-activated SnRK2 kinases are necessary for 
control of gene expression via phosphorylation of basic leucine zipper (bZIP) 
transcriptional factors including ABI5 and AREB1 (Fujita et al., 2011) during 
seed development and germination. Other transcription factors such as MYBR 
(MYB-recognition site) and MYB44 are expressed in guard cells and regulate 
light-induced stomatal opening and ABA-induced closure, respectively 
(reviewed in Kim et al., 2010). 
1.3.2 Carbon dioxide 
Carbon dioxide in the atmosphere is the major source of carbon on Earth. CO2 
is used in photosynthesis, as a substrate of the enzyme ribulose bisphosphate 
carboxylase-oxygenase (Rubisco), and is produced in respiration. Rubisco 
utilizes CO2 for fixation of carbon (carboxylase reaction) or oxygen 
(oxygenase reaction) that leads to photorespiration. Prior to the 
industrialization the concentration of carbon dioxide in the atmosphere was 
controlled by photosynthetic organisms. The additional industrial sources, such 
as deforestation and fossil fuels burning, lead to an increase of CO2 in the 
atmosphere (Hetherington and Raven, 2002). This does not only affect the 
efficiency of photosynthesis but leads to environmental changes on a global 
level. The latter include ocean acidification, accumulation of plant biomass, 
biodiversity changes, global warming, decline of fresh water resources in the 
world and an altered agricultural productivity.  
Stomata open in response to relatively low intercellular CO2 concentration 
(Ci) and close at higher [Ci], rather than to ambient [CO2] (Mott, 1988). In a 
plant, the concentration of [Ci] can reach up to 600 ppm during night due to 
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respiration activities and drop to 160 ppm during photosynthesis in the light 
(Engineer et al., 2015). The level of Ci in leaves is in turn affected by 
photosynthesis, respiration and increasing atmospheric [CO2]. High [CO2], like 
ABA, induces activation of anion channels as well as K
+
out channels in guard
cells (Brearley et al., 1997; Roelfsema et al., 2004). This causes plasma 
membrane depolarization which eventually leads to closing of the guard cells. 
Physiological [CO2] shifts do not affect cytosolic pH as shown for Vicia faba 
(Brearley et al., 1997) and Arabidopsis thaliana guard cells (Xue et al., 2011). 
The mutant alleles abi1-1 and abi2-1 were isolated in a screen based on 
their ABA insensitivity and they show a degree of stomatal CO2 insensitivity 
(Webb and Hetherington 1997). Similarly, the mutant growth controlled by 
abscisic acid (gca2) is impaired in ABA-induced stomatal closure (Allen et al., 
2001), as well as in [Ca
2+
]cyt transient rate modulation by high [CO2] and CO2-
induced stomatal closing (Young et al., 2006). Based on the above mentioned 
examples, ABA and CO2 signaling pathways may merge in the control of 
stomatal aperture.  
Meanwhile, several mutants have been identified that show stomatal 
insensitivity to [CO2] changes but retain functional ABA responses. A high 
throughput infra-red leaf thermography set-up was used in a genetic screen for 
Arabidopsis mutants with altered stomatal responses to CO2. As a result the two 
allelic mutations in HIGH LEAF TEMPERATURE 1 (HT1), ht1-1 and ht1-2, 
with impaired ability to regulate [CO2]-induced stomatal movements, were 
isolated (Hashimoto et al., 2006). Homozygous plants carrying the recessive 
mutation ht1-2 demonstrate a constitutive high-[CO2] stomatal closure 
phenotype. Thus it has been concluded that HT1 protein kinase negatively 
regulates high [CO2]-induced stomatal closing. The plants lacking HT1 activity 
retain functional blue light responses. They also close in response to ABA 
which suggests that HT1 protein kinase possibly acts upstream of the point 
where ABA- and CO2-induced stomatal closure pathways merge and/or 
downstream of ABA signaling close to anion channel activation. HT1 is highly 
expressed in guard cells but not in mesophyll cells in leaves (Hashimoto et al., 
2006). The carbonic anhydrases are enzymes that catalyse the reverse process 
of CO2 and water into bicarbonate ions and protons. In Arabidopsis, plants that 
lack the activity of the carbonic anhydrases BETA CARBONIC 
ANHYDRASE 1 and 4 (βCA 1 and 4) have strongly disrupted responses to 
CO2 and demonstrate high constitutive stomatal conductance (gs) (Hu et al., 
2010). The double mutant ca1/ca4 do not close or open stomata in response to 
CO2 while exhibiting functional closing in the presence of ABA. The data 
shown by Hu et al., 2010 support an early role of CAs in the perception of 
altered [CO2], upstream of HT1 function. It has also been shown that increased 
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[HCO3
-
] induce guard cell S-type anion channel activation (Hu et al., 2010),
which was confirmed in more recent studies (Xue et al., 2011; Tian et al., 
2014). In ht1-2 mutant the S-type anion channel activity induced by HCO3
-
 is
enhanced (Xue et al., 2011). This is in accordance with the HT1 function as a 
negative regulator of stomatal closing response to high [CO2] (Hashimoto et 
al., 2006). The loss-of-function mutation in SLAC1 consequently causes both 
ABA and high [CO2] insensitivity (Negi et al., 2008; Vahisalu et al., 2008; 
Merilo et al., 2013). OST1 plays a key role in activation of SLAC1 anion 
currents (Geiger et al., 2009; Lee et al., 2009) – a crucial step in high [CO2]- 
and ABA-induced stomatal closure. Therefore, OST1 would constitute an 
appropriate merging point for several pathways in control of stomatal aperture. 
Very recently, a new RESISTANT TO HIGH CARBON DIOXIDE 1 
(RHC1) MULTIDRUG AND TOXIC COMPOUND EXTRUSION (MATE)-
like protein has been identified to act as an important regulator of high [CO2]-
induced stomatal closure (Tian et al., 2015). By using BiFC assay in 
Arabidopsis protoplasts and yeast two-hybrid analysis physical interactions of 
RHC1 with CAs and HT1 have been established. Gas exchange measurements 
of stomatal conductance revealed a constitutive high CO2, ht1-2-like phenotype 
in the rhc1/ht1-2 double mutant. This indicates that HT1 is epistatic to RHC1 
and functions downstream of RHC1 in high [CO2]-induced stomatal closing. 
Unlike rhc1/ht1-2, the rhc1 guard cells are impaired in activation of S-type 
anion current by bicarbonate which indicates that RHC1 negatively regulates 
HT1 and is required for S-type anion channel activation. RHC1 interacts with 
CAs and is suggested to function downstream of them as a HCO3
- 
sensor.
According to the new findings, HT1 in turn inhibits OST1 under ambient 
[CO2]. During increased [HCO3
-
], RHC1 has been shown to interact with HT1
and inhibit it, whereby OST is released from HT1 inhibition and subsequent 
SLAC1 activation can occur. On the basis of this knowledge a new model for 
CO2-induced stomatal closing has been proposed (Figure 1). 
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Figure 2. A model for high [CO2]- and ABA-induced stomatal closure signalling pathway. Low 
CO2 conditions keep [HCO3
-
] at reduced levels which facilitates HT1 interaction and inhibition of
OST1. Thus, SLAC is maintained inactive and stomata open. Under elevated [CO2], the 
intracellular levels of HCO3
-
 increase which is sensed by RHC1 causing its interaction with HT1.
Consequently, HT1 is recruited to the plasma membrane and releases OST1 inhibition. As a 
result, SLAC1 is phosphorylated and activated by OST1 which causes anion efflux from guard 
cells and leads to stomatal opening. 
1.4 Stomatal opening induced by light 
Blue and red light regulate stomatal opening through different signaling 
pathways (Shimazaki et al., 2007). The red light (620 – 750 nm) stomatal 
response is photosynthesis-dependent and saturates at higher intensities similar 
to photosynthetic active radiation (PAR). The blue light (450 – 495 nm) 
stomatal response is fast, photosynthesis-independent, saturates at lower 
fluencies (~50 µmol m
-2
s
-1
) (Zeiger, 2000) and is more efficient than that of red
light. Interestingly, a red light background is necessary to enhance the effect of 
blue light on stomatal opening processes (Assman, 1988; Vavasseur and 
Ragavendra, 2005). A weak blue light illumination under a strong red light 
background induces rapid stomatal opening in Arabidopsis, whereas no 
opening is triggered in the absence of red light (Shimazaki et al., 2007). 
1.4.1 Blue light-induced stomatal opening 
Blue light in guard cells is perceived by the blue light receptors phototropins 
(PHOT1 and 2), cryptochromes (CRY1 and 2) and possibly also the 
chloroplast carotenoid zeaxanthin (Kinoshita et al., 2001; Mao et al., 2005; 
Zeiger and Zhu, 1998). Zeaxanthin is postulated as a photoreceptor 
chromophore for stomatal opening (Zeiger and Zhu, 1998), but the apoprotein 
for this receptor remains yet unknown. The blue light receptors PHOT1 and 
PHOT2 belong to a family of light-activated receptor kinases associated with 
the plasma membrane. Phototropins contain two photosensory light, oxygen or 
voltage (LOV) domains at the N-terminus and a serine/threonine domain at the 
C-terminus. Blue light brings about photoexcitation of the LOV domains that 
leads to autophosphorylation of the phototropin protein (reviewed in Christie 
2007). The autophosphorylation induces the binding of 14-3-3 proteins 
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(Kinoshita et al., 2002) that maintain PHOTs in an active state. CRY 1 and 
CRY2 have been shown to act additively with phototropins to regulate guard 
cells opening under blue light (Mao et al., 2005). A recent study has identified 
the novel protein kinase BLUE LIGHT SIGNALLING 1 (BLUS1) which is 
directly phosphorylated by phototropins (Takemiya et al., 2013). The blus1-1 
and blus1-2 mutant allele plants are impaired in blue light-induced stomatal 
opening, suggesting BLUS1 phosphorylation is essential in this process. 
Another positive regulator in blue light stomatal signaling is the type 1 protein 
phosphatase (PP1). It has been shown that BLUS1 acts upstream of PP1 in the 
blue light-induced signaling pathway which eventually leads to plasma 
membrane H
+
-ATPase activation (Takemiya et al., 2013). Plasma membrane 
H
+
-ATPases in guard cells are activated via phosphorylation of a penultimate 
threonine in the C-terminus of the protein by a serine/threonine kinase which is 
yet unknown (Kinoshita and Shimazaki, 1999). It has been shown that 14-3-3 
protein binds to the phosphorylated C-terminus of the pump and therefore 
keeps it in an active state (Kinoshita and Shimazaki, 1999). Activation of H
+
-
ATPase drives extrusion of H
+ 
from the guard cells leading to the increase in 
the inside-negative electrical potential across plasma membrane (Assmann et 
al., 1985; reviewed in Roelfsema and Hedrich, 2005 and in Shimazaki et al., 
2007). The effect of hyperpolarization is enhanced by blue light-induced 
inhibition of plasma membrane anion channels (Marten et al., 2007). As a 
consequence of hyperpolarization, inward-rectifying voltage-gated K
+
 channels 
(K
+
in) are activated (Schroeder et al., 1987; Assmann and Shimazaki, 1999). In 
Arabidopsis, KAT1 (potassium channel in Arabidopsis thaliana 1) is a major 
gene, among several, that encode K
+
 influx channels (reviewed in Shimazaki et 
al., 2007). It has been shown that in Commelina communis starch degradation 
occurs during the day in guard cells upon blue light irradiation, in contrast to 
mesophyll cells where starch builds up during the night (Vavasseur and 
Raghavendra, 2005). The release of stored energy during the day fuels the 
guard cell proton pumps with ATP and provides osmolites that facilitate 
stomatal opening (Shimazaki et al., 2007). However, this may not apply for all 
the species as in Arabidopsis guard cells accumulate starch during the day and 
degrade it at night (Stadler et al., 2003). Malate
2- 
produced from starch 
degradation is one of the organic anions which, together with inorganic Cl
-
 and 
NO3
- 
ions, accumulate in the guard cells and act as counter ions of K
+
. The 
water potential decreases upon solute accumulation in the cytoplasm resulting 
in guard cell water uptake, the raise of turgor pressure and stomatal pore 
opening (Fig. 2) (Roelfsema and Hedrich 2005; Vavasseur and Raghavendra, 
2005; Shimazaki et al., 2007). 
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Figure 3. An overview of signaling pathways involved in red and blue light-induced stomatal 
opening. (a) Epidermal pavement cell, (b) guard cell and (c) mesophyll cell. Red light induces 
photosynthesis and decreases the [CO2] within the leaf, thereby deactivating anion channels in 
guard cells. Blue light is perceived by phototropins and activates H
+
-ATPase. Both red and blue 
light cause hyperpolarization of the guard cell with consequent K
+ 
uptake, turgor increases and 
stomatal opening. When more CO2 is taken up, an activation of guard cell anion channels will 
lead to stomatal closing, thus providing a negative feedback mechanism. Figure adapted from 
Roelfsema and Hedrich, 2005. 
The activation of plasma membrane H
+
-ATPase acts as a driving force in
light-induced stomatal opening responses. Overexpression of guard cells H
+
-
ATPase leads to enhanced stomatal opening and photosynthesis as well as 
plant growth (Wang et al., 2014). Overexpression of PATROL1, a gene that 
controls the translocation of AHA1 H
+
-ATPase to the plasma membrane,
increases stomatal opening and enhances both CO2 assimilation rate and plant 
growth (Hashimoto-Sugimoto et al., 2013). These findings show that the 
activity of plasma membrane H
+
-ATPase in control of stomatal opening can be
regulated by different ways other than phosphorylation of a penultimate 
threonine (Kinoshita and Shimazaki, 1999). It remains be shown whether blue 
and/or red light can induce H
+
-ATPase activity in ways other than the
penultimate threonine phosphorylation. 
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1.4.2 Red light-induced stomatal opening 
Red light triggers stomatal opening less efficiently than blue light does 
(Sharkey and Raschke, 1981). Thus, high light intensity and a continuous 
illumination are required for an effective red light-induced opening response 
(Willmer and Fricker, 1996; Shimazaki et al., 2007). Red light-evoked guard 
cell swelling is likely to be mediated by photosynthesis, since it saturates at red 
light fluencies similar to those for photosynthesis. Moreover, the red stomatal 
response is blocked by DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea), an 
inhibitor of photosystem II (PSII) (Sharkey and Raschke, 1981; Tominaga et 
al., 2001; Messinger et al., 2006). In comparison, DCMU does not inhibit blue 
light-induced stomatal opening (Schwartz and Zeiger, 1984). The 
photosynthetic CO2 fixation by guard cells was estimated to be 2-4 % of 
mesophyll cells and such limited carbon fixation could not produce a sufficient 
amount of osmolites to initiate stomatal movements (Willmer and Fricker, 
1996). Additionally, degradation of starch does not occur under red light 
(Vavasseur and Raghavendra, 2005). Thus the most likely source of sugars is 
from the apoplast via transport into guard cells.  
The mechanism that induces a K
+ 
uptake and drives stomatal opening by red 
light is yet to be elucidated. Several studies based on patch clamp and stomatal 
bioassay techniques have shown a red light-induced activation of H
+
 pumps in 
isolated protoplasts and epidermis (Schwartz and Zeiger, 1984; Serrano et al., 
1988; Olsen et al., 2002). The proton pump identity/ies could include 
member/s of the plasma membrane H
+
-ATPases, possibly activated by an 
increased amount of cytosolic ATP produced during photophosphorylation in 
guard cell chloroplasts. At least functional guard cell photosynthesis is required 
for maintaining turgid guard cells at ambient light conditions (Azoulay-Shemer 
et al., 2015). Several patch clamp- and immunohistochemistry-based studies 
conducted in recent years, using intact leaves, epidermis and protoplasts, did, 
however, not reproduce an activation of H
+
-ATPase by red light (Roelfsema et 
al., 2001; Taylor and Assmann, 2001; Hayashi et al., 2011). Due to the unclear 
results obtained in these investigations, an unambiguous involvement of H
+
-
ATPase in the stomatal red light response is yet to be elucidated.  
Red light drives photosynthesis and leads to a reduction in intercellular CO2 
(Ci) in leaves and this decreased [Ci] has been suggested to induce stomatal 
opening (Fig. 2; Heath, 1950; Roelfsema et al., 2002). Whether it is the 
photosynthesis in mesophyll and/or guard cells that mediates red light-induced 
stomatal opening is the matter of an ongoing discussion. Despite a lower 
quantum efficiency of the photosynthetic electron transport chain (PETC) in 
guard cells compared to mesophyll cells, the photosynthetic machinery is 
entirely functional (Lawson et al., 2002). Several studies have been conducted 
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to understand the role mesophyll cells in red light-induced stomatal opening. In 
electrophysiological studies where a beam of red light was projected at a single 
guard cell (Roelfsema et al, 2001; Taylor and Assmann, 2001), an expected 
hyperpolarization of the plasma membrane was not recorded. On the contrary, 
in gas exchange measurements where red illumination covered both guard cells 
and surrounding mesophyll cells the intercellular CO2 decreased and guard cell 
swelling was observed (Shimazaki et al., 2007; Roelfsema et al., 2002). To 
address the issue further, norflurazon-treated (Nf) Vicia faba and variegated 
Chlorophytum comosum plants were studied for their stomatal responses 
(Roelfsema et al., 2006). Due to inhibition of biosynthesis of carotenoids by 
norflurazon, both GC and MC in treated Vicia faba contained non-
photosynthesizing chloroplasts whereas they were functional in GCs of albino 
leaf patches in Chlorophytum comosum. Red light-induced stomatal opening 
was absent in either representative of albino leaves, both lacking functional 
chloroplasts in mesophyll cells, while the responses to blue light, low [CO2] 
and ABA were normal. These studies provide evidence for a role of mesophyll 
cells in transferring the red light signal to guard cells, independently of an 
active guard cell photosynthesis. Interestingly, a recent study confirm that 
guard cell photosynthesis does not influence stomatal responses to CO2 and 
ABA, but is required to provide sufficient guard cell turgor (Azoulay-Shemer 
et al., 2015). 
Tobacco plants with reduced content of cytochrome b6f complex or 
RuBiSCO showed decreased CO2 assimilation while stomatal opening under 
red light was intact, thus the red light response did not depend on mesophyll or 
guard cell photosynthetic rate (Baroli et al., 2008). Another study examined 
stomatal responses and photosynthetic capacity in transgenic tobacco plants 
with reduced content of sedoheptulose 1,7-bisphosphatase (SPBase), an 
enzyme involved in the control of Calvin Cycle regeneration capacity (Lawson 
et al., 2008). The stomatal opening to red light was increased in the antisense 
plants at all levels of Ci while the CO2 assimilation was lowered and the 
response to high CO2 was functional. It is noteworthy that the transgenic 
plants also showed a decreased quantum efficiency of PSII electron transport in 
guard and mesophyll cells. This suggests that photosynthetic operating 
efficiency relies on the regeneration capacity of carbon fixation. The study 
concluded that light- and CO2–regulated stomatal movements are controlled by 
photosynthetic electron transport processes. This is supported further by a 
study in cocklebur (Xanthium strumarium) (Messinger et al., 2006), where Ci-
evoked changes to stomatal conductance were dependent on the balance 
between PET capacity and photosynthetic carbon reduction reactions. 
Additionally, when Ci was kept constant stomata had normal responses to red 
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light, indicating that red light-induced stomatal opening can be regulated 
without a photosynthetic reduction of Ci. These authors concluded that 
stomatal responses to red light can be mediated by a Ci-independent signal or 
be due to processes originating in guard cells themselves (Messinger et al., 
2006).  
The redox state of the photosynthetic electron transport chain has been 
suggested to participate in the control of stomatal movements (Busch, 2014). 
High light conditions lead to an over-reduction of the PETC forcing energized 
electrons to merge with oxygen produced in photosynthesis, leading to ROS 
production and consequent photosynthetic inhibition. When the light intensity 
exceeds the photon utilization capacity of the chloroplast, appropriate changes 
in gene expression are induced to provide protection from oxidative damage. It 
has been established that the redox status and the presence of ROS can act as 
signaling components to regulate gene expression and protein function in 
several physiological processes, including stress acclimation, hormonal 
responses, metabolism, growth and development (Shigeoka and Maruta, 2014). 
For example, redox modulation regulates the activity of a vacuolar type of H
+
-
ATPase that is involved in various physiological processes in plant cells 
(Siedel et al., 2012). Oxidative stress also occurs in the mitochondria and 
peroxisomes where oxygen is formed during respiration and photorespiration. 
Some of the components of the PETC, such as plastoquinone (PQ) and the 
thioredoxin/ferredoxin system, act as redox sensors that perceive the energy 
flow changes between the PETC and the Calvin cycle of photosynthesis 
(reviewed in Vener et al., 1998). The redox state of the PQ pool in particular 
has recently been suggested to play an important role in the red light-induced 
regulation of stomatal opening (Busch, 2014). 
Photosynthesis-independent stomatal opening to red light has been shown 
in orchids and Arabidopsis and suggested to be perceived through 
phytochrome B, due to stomatal closure under far-red illumination (Talbott et 
al., 2002 and 2003). The phyB mutant displays smaller stomatal apertures 
while PHYB-overexpressing plants exhibited extremely opened stomata upon 
red illumination, supporting a positive function of PHYB in red light-induced 
signaling in guard cells (Wang et al., 2010). In conclusion, current data 
supports evidence of both photosynthesis-independent and -dependent 
pathways in control of stomatal opening to red light. 
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1.5 The stomatal movements and circadian clock 
1.5.1 The circadian system 
The environment of most living organisms is subject to rhythmic changes. In 
order to synchronize seasonal and daily timing of metabolism, gene expression 
and physiological processes with changing environmental conditions, most of 
the living organisms have an endogenous circadian clock with a period of 
approximately 24 hours. In plants, the circadian clock mainly has been 
elucidated in Arabidopsis thaliana (Arabidopsis) and shown to regulate such 
processes as stomatal opening, photosynthesis, transport of starch and 
cotyledon movement (Hotta et al., 2007). These metabolic and physiological 
processes are subordinated to an endogenous circadian clock and therefore 
display a daily rhythm even in the absence of the environmental signals. In 
plants as well as in mammals, the circadian clocks of different tissues are 
synchronized with each other (Hotta et al., 2007; Nagel and Kay 2012). For 
example, in plants the clock of shoot apex influences the circadian rhythms of 
root tissues (Takahashi et al., 2015). Also, a recent study has suggested that 
vascular and mesophyll tissues asymmetrically regulate each other, where the 
vasculature clock controls the gene expression and physiological responses of 
neighboring mesophyll cells (Endo et al., 2014). 
The process of circadian regulation can be divided into: 1) input pathways 
which transduce the environmental signals to synchronize the internal clock 
with local time; 2) the central oscillator which provides the periodicity of the 
clock and 3) the output pathways which couple the activity of the oscillator to 
the observable rhythms (Hotta et al., 2007). As a general circadian clock 
theme, positive and/or negative interactions between clock components form 
autoregulatory interlocked transcription-translation feedback loops (Dunlap, 
1998). Therefore, circadian clock proteins are able to regulate their own 
expression throughout the circadian period. 
Input of clock-controlled processes. The endogenous clock responds and 
entrains (resets) to the daily cycles of light, darkness and temperature. A 
number of photoreceptors are involved in circadian regulation by light. The 
transduction pathway of the light signal involves the red/far-red mediating 
phytochromes (phys) and the blue light mediating cryptochromes (crys) 
(Somers et al., 1998). ZEITLUPE (ZTL) is one of the key elements of the 
circadian clock (Somers et al., 2000; Kevei et al., 2006). Similarly to 
phototropins, ZTL protein contains a flavin-binding LIGHT, OXYGEN OR 
VOLTAGE (LOV) domain at its N-terminus and therefore acts as a 
photoreceptor together with phys and crys. ZTL also contains six C-terminal 
KELCH repeats which facilitate the protein interactions at the LOV domain 
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(Kevei et al., 2006). Furthermore, ZTL contains an F-box domain with E3 
ligase activity and is known to act as a post-translation regulator of protein 
degradation in the Arabidopsis clock.  
Temperature perception by the circadian clock system is yet poorly 
understood, but allows entrainment to the plant’s environment. Atmospheric 
temperature changes affect levels of expression of circadian clock genes such 
as CIRCADIAN CLOCK ASSOCIATED 1 (CCA1), GIGANTEA (GI) and LATE 
ELONGATED HYPOCOTYL (LHY) (Gould et al., 2006) which function is 
discussed below. Through such regulation, the oscillator is buffered against 
temperature changes, an ability called temperature compensation. It allows the 
period of the circadian clock to be stably maintained through a range of 
physiological temperatures (e.g. 12-27°C; Gould et al., 2006). Importantly, low 
temperature is also received by the clock and necessary for promoting cold 
response and freezing tolerance (Eriksson and Webb, 2011). 
Circadian oscillator. A number of plant circadian clock components have 
been characterized. The first described Arabidopsis clock mutant timing of cab 
expression1 also known as pseudo-response regulator1 (toc1/prr1) was 
identified in a luciferase imaging screen based on its short-period phenotype 
(Millar et al., 1995; Eriksson and Millar, 2003). TOC1/PRR1 is a principal 
component of the Arabidopsis central oscillator with a peak of expression at 
~12 h after dawn (Zeitgeber time (ZT) 12) (Somers et al., 1998). It is a member 
of a larger family of clock proteins; the PSEUDO-RESPONSE REGULATORs 
including e.g. TOC1/PRR1, PRR3, PRR5, PRR7 and PRR9 (Eriksson and 
Millar, 2003). 
On the opposite end to TOC1/PRR1, in the morning, the light induced 
MYB-like transcription factors CCA1 and LHY are other key components of 
the circadian oscillator in Arabidopsis (Schaffer et al., 1998; Wang and Tobin, 
1998). 
The molecular mechanisms of the core circadian clock are based on 
transcriptional feedback regulation of the TOC1, CCA1 and LHY (Alabadi et 
al., 2001). Mechanistically, TOC1 acts as a DNA-binding transcriptional 
repressor of CCA1 and LHY which in turn act to repress TOC1, together 
forming a core oscillator loop (Huang et al., 2012). Several, additional 
components of the clock have been identified and allocated to the evening or 
morning loops in accordance with the expression time together forming a 
network of interlocked feedback loops enforcing a robust oscillator function 
(Dixon et al., 2014). PRR9, 7 and 5 (expressed in this order, from morning to 
evening) bind and repress CCA1 and LHY gene expression, similarly to TOC1, 
whereas the CCA1 and LHY positively regulate PRR7 and 9 gene expression 
in the morning (Eriksson and Millar, 2003; Nakamichi et al 2010). LUX 
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ARRHYTMO (LUX) also known as PHYTOCLOCK1 (PCL1) has been 
shown to play a central role in the generation of rhythms (Hazen et al., 2005; 
Onai et al., 2005). Together with EARLY FLOWERING 3 and 4 (ELF3 and 
ELF4) LUX forms an evening complex (EC) of proteins that are the key 
regulators of clock gene expression at night (Hotta et al., 2007; Nagel and Kay, 
2012). GIGANTEA (GI) acts as a negative regulator of EC genes which inhibit 
expression of TOC1 (Pokhilko et al., 2012). 
Several circadian clock components belong to the E3 ubiquitin-ligase 
enzyme family and F-box protein family which ubiquitinate proteins and 
therefore target them for degradation by the proteasome (Seo and Mas, 2015). 
For instance, ZTL mediates ubiquitination for degradation by the 26S 
proteasome of TOC1 and PRR5 through direct interaction and therefore 
regulates stability of the proteins (Mas et al., 2003; Kiba et al., 2007). The 
function of ZTL is also controlled by proteasome degradation and stabilized 
via direct interaction with GI under blue light which provides the peak of ZTL 
expression in the evening (Kim et al., 2007). ZTL-GI interaction also prevents 
GI degradation and regulates its nuclear and cytoplasmic distribution (Kim et 
al., 2013). Cytosolic or nuclear localization and timely degradation are 
important aspects in the regulation of individual circadian clock components. 
Further, CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) ubiquitin E3 
ligase is involved in the control of light input to the clock through 
ubiquitination and subsequent proteasomal degradation of the EC component 
ELF3. Additionally, GI is targeted for degradation at night by interaction with 
both COP1 and ELF3 (Kim et al., 2013). Thus, the circadian clock system is 
regulated by several mechanisms, including ubiquitination and 
phosphorylation, which provide the fine-tuning of the timing mechanism.  
Output of clock-controlled processes. The temporal control of a plant’s life 
is pervasive and impacts gene expression, development, metabolism and 
physiology. While clock-controlled leaf and petal movements were noted in 
classical time and in the 18
th
 century by Linnaeus (Eriksson and Millar, 2003), 
many circadian clock regulated processes are subtle and require elaborate 
techniques in order to be monitored. For instance, to study the circadian clock-
regulated gene expression or cytosolic calcium levels fluctuations, luciferase 
bioluminescence assay is commonly used. Luciferase (LUC) (firefly luciferase 
and calcium-dependent luciferase apoaequorin) acts as a reporter of the gene of 
interest expression and used in combination with sensitive experimental tools 
capable of detecting bioluminescence of the expressed protein (Hotta et al., 
2007; Salinas and Sanchez-Serrano, 2006). 
Recently a plethora of processes and pathways have been shown to be under 
control of the circadian clock (Kusakina and Dodd, 2012; Araujo et al., 2011; 
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Seo and Mas, 2015). Among them is abscisic acid (ABA)-induced signalling as 
well as other stress related pathways (Araujo et al., 2011). To this end SNF-
related protein kinases (SnRKs, see chapter 1.3.3.) have been shown to 
function as putative mediators of the circadian regulation of the ABA 
responses (reviewed in Kusakina and Dodd, 2012). 
1.5.2 Circadian regulation of stomatal movements 
Stomatal aperture is regulated by different factors including the circadian 
clock. This control may appear as a rhythmic change in aperture under constant 
conditions or as a rhythmic change in sensitivity to some environmental factor, 
such as light (Gorton et al., 1989; Tallman, 2004). The period of the rhythm in 
guard cell opening varies within 24 hours. Due to the fact that mature guard 
cells lack plasmodesmata and in detached epidermis stomatal movements 
maintain rhythmicity, it has been assumed that each individual guard cell has 
its own circadian oscillator. Individual stomata are able to sustain a circadian 
rhythm independently of mesophyll cells (Gorton et al., 1989). 
Due to circadian control of guard cells, plants with C3 and C4 carbon 
fixation as well as Crassulacean acid metabolism (CAM) plants may anticipate 
dawn and dusk transitions to promote stomatal opening or closing according to 
their needs. In Arabidopsis (C3 plant) at midday, stomata stop opening and 
before dusk they initiate closing (Dodd et al., 2006). The stomatal opening 
response to light is to some extent circadian-regulated and depends on the time 
of the day. The effectiveness of light to promote stomatal opening is highest 
early in the day and lowest during the subjective night when stomata are more 
sensitive to darkness in C3 plants (Gorton et al., 1993). Other stimuli such as 
potassium anions, fusicoccin and auxin have similar effect on the intensity of 
stomatal opening during different times of day/night (Hotta et al., 2007). ABA 
is more effective in promoting stomatal closing in the afternoon than before 
noon. This allows CO2 to be taken up in the morning hours while in the 
afternoon it minimizes the water loss through transpiration (Hotta et al., 2007). 
The circadian control of C4 metabolism was shown to be generally based on 
C3 model well described in Arabidopsis despite specialized anatomy and 
enzymatic system (Khan et al., 2010). 
The circadian regulation of CO2 fixation in CAM plants is well studied and 
based on the rhythmic control of Phosphoenolpyruvate carboxylase (PEPc) 
phosphorylation. Such regulation enables PEPc to function at night facilitating 
malate accumulation in the vacuole when stomata are open. The circadian 
clock components and their function in C3 plants are similar to CAM (Boxall 
et al., 2005). The exception is ZTL gene expression that shows transcriptional 
oscillation in the CAM ice plant (Mesembryanthemum crystallinum) but not in 
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Arabidopsis (Boxall et al., 2005). Together, this shows that stomatal 
movements require an integrated, diurnal control as exerted by the circadian 
system to foresee daily changes in the environment. This provides an efficient 
gas exchange and facilitates optimal photosynthesis and water status of the 
plant throughout the day. 
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2 Aims and Objectives 
The goal of this study was to improve the knowledge about the mechanisms 
regulating stomatal movements induced by red light, carbon dioxide and 
circadian rhythms. Red light has been proposed to induce stomatal opening 
through photosynthetic activities where a drop in the intercellular CO2 and/or 
PETC redox state are likely mediators. Our aim was to study any link between 
red light- and CO2-induced stomatal movements and to address the role of the 
redox state of PETC in stomatal aperture control. We also attempted to link 
stomatal signaling to the mechanisms of circadian regulation of guard cell 
movements. 
The objectives of our investigation were as follows: 
1. Examine the roles of HT1 and OST1 protein kinase activities in the red 
light- and CO2-induced stomatal opening responses. 
2. Investigate the involvement of PSII activity and a redox state of PQ pool in 
the regulation of stomatal movements. 
3. Study the involvement of OST1 activity in the circadian control of stomatal 
apertures. 
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3 Materials and methods 
3.1 Methods to measure stomatal responsiveness 
The alteration of guard cell turgor aids the coordination of photosynthesis and 
transpiration in plants. In order to study stomatal movements, several distinct 
physiological approaches can be utilized, including bio-assays of stomatal 
apertures analyzed by microscopy. Estimation of the water loss from a 
detached leaf, by a decrease in weight with time, is a straight-forward approach 
to compare relative stomatal conductance changes between plant leaves. The 
measurement of stomatal CO2 and H2O exchange enables a record of real-time 
stomatal responsiveness of an intact leaf and plant. To monitor stomatal gas 
exchange, the Portable Photosynthesis System LiCOR 6400XT (LI-COR Inc., 
NE, USA) has been widely used to estimate stomatal conductance (gs) as well 
as chlorophyll a fluorescence parameters of photosynthesis. As an alternative, 
snap-shot stomatal conductance readings of an intact plant can be obtained by a 
Portable Steady-state Leaf Porometer (Decagon Devices Inc., Pullman, WA, 
USA). The implementation of several approaches to analyse stomatal 
conductance allows for a more informative and complete analysis of stomatal 
behavior. 
3.2 Gas exchange measurements 
The Li-COR 6400XT provides measurements of stomatal conductance and 
photosynthesis of intact leaves, while controlling the relative humidity, 
intensity of light, [CO2] and temperature, in real-time. The measurements with 
Li-COR 6400XT are based on the calculation of the differences in gaseous 
concentrations of CO2 and H2O. In essence, stomatal transpiration is calculated 
based on the amount of H2O efflux from the leaf to the ambient air. Similarly, 
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the carbon assimilation is readily estimated as the amount of CO2 that enters 
the leaf through stomatal pore and is used up in photosynthesis. 
 
 
Figure 4. The Li-COR 6400XT Portable Photosynthesis System and its main components. Image 
used by kind permission from © Li-COR, Inc. 
 
Figure 5. A schematic overview of the gas exchange system Li-COR 6400XT. The measurements 
of photosynthesis and transpiration are based on the differences in CO2 and H2O in an air stream 
that is flowing through the leaf cuvette. Image used by kind permission from © Li-COR, Inc. 
The Li-COR is operated through a controlling console to where the sensor 
head is connected (Figs 3, 4). A leaf is placed into a chamber attached to the 
sensor head. The environmental conditions for the incoming air are set up at 
the beginning of each experiment. Thus, the ambient air circulates in the tubing 
system of the instrument passing through the chamber and exposes the leaf to 
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the pre-set conditions. Two infra-red gas analysers (reference and sample 
IRGAs), located inside the sensor head, are able to precisely detect the 
concentrations of CO2 and H2O (signal noise 0.04 and 0.02 mmol mol
-
1
respectively) within the leaf chamber and outside of it (Fig. 4). The most 
widely used parameter of gas exchange measurements in this thesis is stomatal 
conductance (gs, mmol H2O m
-2
 s
-1
) which is calculated taking into account the 
molar concentration of water vapor within the leaf (mmol H2O mol
-1
 air), the 
total atmospheric pressure P (kPa) and the temperature of the leaf Tl (ºC), 
whereas boundary layer conductance is not included (www.licor.com, see 
Manufacturer instructions for full description). Stomatal conductance denotes 
how much H2O is evaporated from a leaf at certain environmental conditions. 
In other words, it reflects the width of the stomatal pores. In Li-COR 6400XT, 
the stomatal conductance is measured from both abaxial (AB, lower) and 
adaxial (AD, upper) sides of the leaf, however measurements from individual 
surfaces are also possible. As already mentioned in Section 1.2, stomatal 
conductance depends on several parameters such as stomatal density, size and 
degree of pore openness. Thus, when analyzing stomatal conductance of 
different genotypes/ecotypes, the stomatal density needs to be similar to allow 
for adequate gs comparisons. 
The Li-COR 6400XTallows gas exchange measurements where light 
quantity and quality can be controlled in a Leaf Chamber Fluorometer (LCF) 
6400-40 (LI-COR Inc., NE, USA). The LCF unit has a light emitting diode 
(LED)-based source of actinic and fluorescence illumination attached to the 
sensor head. Red, far-red and blue LEDs as well as two detectors of LCF are 
together used for fluorescence measurements. The blue and red diodes can also 
be controlled separately to select illumination of a particular intensity and/or 
quality. Thus, the LCF unit enables measurements of photosynthetic carbon 
assimilation rate, several fluorescence parameters (PhiPSII, Fv/Fm, PhiCO2, 
NPQ etc) together with stomatal conductance. The LCF analyser head was 
designed for leaves bigger than those of Arabidopsis thaliana, limiting the 
analysis of this species only to mature, well-expanded and healthy leaves. To 
achieve suitable leaves of this stature, plants need to be grown for extended 
periods of time in stable and well-controlled environmental short-day 
conditions. 
3.3 Leaf Porometer measurements of stomatal conductance 
The handheld Leaf Porometer SC-1 (Decagon Devices Inc., Pullman, WA, 
USA) is a portable device that enables stomatal conductance measurements of 
individual intact leaves. A Leaf Porometer consists of a controller connected to 
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the sensor head that is clamped onto a leaf to conduct the measurements. The 
sensor head contains an aluminum sensor block with a diffusion path inside 
and a detachable desiccant chamber underneath. The desiccant chamber 
decreases the ambient air humidity providing a pronounced humidity gradient 
between the outside atmospheric conditions and the leaf-evaporating surface. 
This humidity gradient constitutes the basis of a porometer measurement. The 
water vapor concentrations at the leaf surface and at the humidity sensors 
inside the diffusion path are then detected. The resistance (vapor conductance) 
between a leaf and the first humidity sensor and between the first and the 
second sensors are also calculated. These variables are together used to 
estimate stomatal conductance (mmol m-
2
s
-1
) measured from one side of the 
leaf (www.decagon.com, see Operator’s manual for full description). 
A Leaf Porometer enables a fast and effective screening of many plants of 
interest. The measurements are conducted in the environment where plants are 
grown to provide an understanding of stomatal function in monitored plants. 
Unlike Leaf Porometer-based analyses, LiCOR can be used to monitor real-
time stomatal conductance responses to manually altered environmental 
conditions. A complementary application of both techniques in an experiment 
provides for versatile analyses of stomatal function and ultimately yields more 
reliable conclusions. 
 
 
Figure 6. An overview of the Leaf 
Porometer SC-1. The Porometer 
instrument consists of a controller unit 
that is connected to sensor head that is 
clamped to a leaf. Image used by kind 
permission from © Decagon Devices 
Inc., Pullman, WA, USA. 
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4 Results and Discussion 
This study has been carried out to improve the current knowledge on the 
regulation of guard cell opening responses. The main focus of the 
investigations was to understand the molecular mechanisms and regulation of 
red light and CO2-induced stomatal movements and whether this is dependent 
on photosynthesis or not. Several aspects of guard cell function have been 
addressed in the manuscripts presented in this thesis. Paper I investigates the 
genetic relationship between important guard cell ABA and CO2 signaling 
elements, namely the HT1 and OST1 protein kinases, during red and blue 
light-induced stomatal opening and under various [CO2]. Paper II addresses the 
role of the redox state of the PQ pool in the photosynthetic electron transport 
chain in regulating the red light-induced stomatal opening response. Lastly, 
Paper III establishes a direct interaction between the key regulator of stomatal 
movements OST1 protein kinase and the circadian clock protein ZTL, thereby 
directly linking the clock to stomatal aperture control. 
4.1 The role of HT1 and OST1 protein kinases in red light- and 
CO2-induced stomatal opening (Paper I) 
The HT1 protein kinase is a negative regulator of high [CO2]–induced stomatal 
closing, consequently plants lacking HT1 activity show a constitutive high 
[CO2] stomatal response and a lack of stomatal opening to low [CO2] 
(Hashimoto et al., 2006). The blue light-induced stomatal opening in both ht1-
1 and ht1-2 mutant alleles remains relatively intact. OST1 encodes a key 
protein kinase of ABA signaling. Mutations in this gene cause a reduced 
stomatal response to ABA (Mustilli et al., 2002; Yoshida et al., 2002; Vlad, 
2009), as well as to high and low [CO2] (Xue et al., 2011; Merilo et al., 2013; 
Tian et al., 2014). In the present study, the stomatal responses to red light and 
CO2 in ht1-1, ht1-2, ost1-3 and ost1-3/ht1-2 mutant plants were investigated. 
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The complete lack of stomatal opening to red light in ht1-2 mutant plants led to 
a conclusion that HT1 has a key function in red light-induced stomatal opening 
responses, as a positively-acting component. In order to exclude the possibility 
that HT1 plays a general role in any red light-controlled response, we analyzed 
several developmental processes induced by red light. It was found that de-
etiolation, the time of flowering (Fig. 7, Paper I) and the rate of seed 
germination (Hashimoto et al., 2016) were intact in plants lacking HT1 
activity. Furthermore, a high expression of HT1 in guard cells has been 
previously shown (Hashimoto et al., 2006), suggesting HT1 protein kinase 
function is specific to guard cell signaling. 
An impairment of low CO2 signaling in ht1 mutant plants could likely be a 
reason for the disrupted stomatal opening to red light, if red light largely 
mediates its stomatal control by a photosynthesis-induced drop in Ci. Mutant 
ost1-3 plants opened their stomata to red light while stomata of ost1-3/ht1-2 
mimicked the insensitive response of ht1-2 (Figure 1, Paper I). This indicates 
that HT1 is epistatic to OST1 gene function during red light-induced stomatal 
opening. In conclusion, the presence of HT1 activity is required for a 
functional stomatal response to red light illumination, but it does not provide 
confirmatory evidence of Ci as an intermediate step. A functional stomatal 
opening to blue light in ht1-1 and ht1-2 mutant allele plants (Fig. 2 Paper I; 
Hashimoto et al., 2006) indicates a role of HT1 specifically in the red light 
stomatal response. Additionally, blue light-evoked stomatal opening in ost1-
3/ht1-2 mimicked the response of ost1-3 indicating a different contribution of 
HT1 and OST1 in response to different light regimes. In several real-time gas 
exchange measurement assays, the stomatal conductance (gs) in ost1-3/ht1-2 
plants at stable light conditions was intermediate to that of its parental lines, 
indicating that HT1 and OST1 can additively control stomatal conductance. 
The OST1 protein kinase mediates an inhibition of plasma membrane H
+
-
ATPase phosphorylation in guard cells in the presence of ABA, based on the 
lack of such a phosphorylation in the ost1-3 background (Yin et al., 2013). 
Therefore, it is possible that less H
+
-ATPase inhibition in stomata of ost1-3 
mutant would partly relieve the constitutive high [CO2] phenotype of ht1-2 in 
ost1/ht1-2 double mutant. 
The participation of HT1 in both red light- (Paper I) and low CO2-
controlled stomatal opening (Hashimoto et al., 2006) makes it a candidate gene 
in control of red light-induced opening mainly dependent on Ci-signaling. 
The CO2 responses in stomata of ht1-1, ht1-2, ost1-3 and ost1-3/ht1-2 mutants 
were therefore further addressed in a relatively high and low [CO2] gas 
exchange assay. High [CO2] led to stomatal closing in wild type and ost1-3 
mutant plants, while in ht1-2 and ost1-3/ht1-2 stomata did not close (Paper I, 
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Figure 3). Similarly, low [CO2]-induced stomatal opening occured in wild type 
and ost1-3 in contrast to the minor stomatal closing observed in ost1-3/ht1-2 
and ht1-2. Therefore, based on Paper I, HT1 is epistatic to OST1 gene function 
in guard cell CO2 signaling (both to higher and lower levels) and during red 
light-induced stomatal opening. Stomata of the ost1-3 mutant are high [CO2]-
insensitive, both by decreased anion channel activation by bicarbonate and less 
high [CO2]-induced stomatal closing as detected by gas exchange 
measurements (Xue et al., 2011; Tian et al., 2015). Tian and co-authors 
proposed a model where stomatal closing by both elevated [CO2] and ABA 
levels are integrated at the level of OST1, where HT1 inhibits OST1 at low 
[CO2]. Interestingly, in our study the high [CO2] stomatal closing response in 
ost1-3 is largely functional which suggests the existence of other pathways 
controlling stomatal response to high [CO2] which do not involve anion 
channel activation by OST1 protein kinase. Furthermore, results from Paper I 
suggests HT1 is epistatic to OST1, not the opposite, raising the need for an 
expanded CO2 signaling model. The exact role of HT1 in CO2-induced 
stomatal signaling and whether HT1 can promote SLAC1 or other anion 
channel activity, where OST1 phosphorylation also would be required, remains 
to be elucidated. Whether HT1 functions at several steps during the signal 
transduction of stomatal closing, both acting on OST1 protein function as well 
as more directly on anion channel activity is yet to be elucidated. In 
comparison, ABI affects both OST1 phosphorylation and SLAC1 activity 
(Brandt et al., 2012). 
4.2 The effect of restricted stomatal apertures in ht1 mutant 
plants (Paper I) 
HT1 mutation may cause a stomatal dysfunction that in turn alters the 
photosynthetic capacity and metabolic processes of ht1 mutant allele plants. 
Accordingly, we observed reduced chlorophyll a fluorescence parameters and 
a decreased internal concentration of CO2 (Ci) in ht1-2 (Paper I, Fig. 4, 
Supplementary Fig. S4). However, the carboxylation capacity and the potential 
electron transport rate were not affected in the two ht1 mutant allele plants. A 
decreased rate of CO2 assimilation in ht1 was recovered to wild type levels 
when Ci was administered to stable levels (Paper I, Fig. 5). HT1 mutation did 
not affect either carboxylation or oxygenation reactions of RuBisCO which 
together with photosynthetic electron transport chain (PETC) influence the 
carbon assimilation rates (Farquhar et al., 1980). Furthermore, the metabolite 
profile analyses did not show any differences in the levels of carbohydrates in 
ht1 mutant plants regardless a reduced CO2 uptake. Therefore, it may be the 
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restricted stomatal apertures that results in the observed reduced photosynthesis 
processes of ht1. A decreased [Ci] in ht1 may lead to a lowered CO2:O2 ratio 
and increased photorespiration processes. However, serine and glycine, which 
are produced during photorespiration, were not different between the 
genotypes (Paper I, Table 1). Additionally, ABA content was not increased in 
the ht1 mutant plants indicating a lack of oxidative stress caused by restricted 
CO2 influx. On this basis it was concluded that HT1 functions specifically in 
guard cell signaling and that the photosynthetic alterations in ht1are caused by 
restrained ht1 stomatal apertures, not by reduced photosynthetic activities 
alone. 
4.3 PETC-mediated regulation of stomatal opening to red light is 
dependent on the redox state of the PQ pool (Paper I, Paper 
II) 
The red light-induced signaling of guard cells is likely to be mediated through 
photosynthesis (Sharkey and Raschke, 1981; Messinger et al., 2006) where a 
drop in Ci is one of several possible signals (Heath, 1950; Roelfsema et al., 
2002), although photosynthesis-independent pathways have also been 
suggested (Wang et al., 2010). Data in this thesis (Fig. 1, Fig. 3, Paper I) 
support genetic evidence that red light-induced stomatal opening can be 
mediated via a photosynthesis-induced low [CO2]-dependent signaling, where 
the function of HT1 protein kinase is crucial. In order to test this hypothesis 
more widely, we also included experiments with Arabidopsis thaliana mutants 
lacking two crucial guard cell-expressed CO2-binding enzymes. Plant carbonic 
anhydrases function during early [CO2] guard cell signaling and ca1ca4 
mutants show slowed stomatal responses to altered [CO2] (Hu et al., 2010). In 
a double mutant lacking the activity of carbonic anhydrases CA1/CA4, red 
light induced a slowed, but statistically significant, stomatal response as 
compared to wild type (Paper I, Fig. 8a; Supplementary Fig. 5,). The stomatal 
conductance in this experiment increased even at stable Ci levels. When 
ca1/ca4 plants were exposed to low [CO2], stomata did not open although the 
level of Ci decreased. Hence, alternative pathways other than reduced [Ci] may 
participate during stomatal opening to red light. In the literature, such possible 
mediators include photosynthetic electron transport or its end products 
(Messinger et al., 2006; Lawson et al., 2008). Busch has proposed the redox 
status of the PETC components, PQ in particular, to be a signal during stomatal 
movement responses (Busch, 2014). 
The stomatal response to red light has been shown to be reduced upon 
application of the PETC inhibitor DCMU or antisense reduction of the PSII 
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protein PsbO, which both lead to a disrupted electron flow upstream PQ 
function (Messinger et al., 2006; Dwyer et al., 2012). In contrast, red light-
induced stomatal opening was increased in transgenic antisense lines where 
cytochrome b6f and SBPase were silenced, and unchanged in Rubisco anti-
sense tobacco lines (Baroli et al., 2008; Lawson et al., 2008). We used a wide 
range of inhibitors within the PETC (Paper II, Fig. 3) to study any link between 
photosynthetic capacity and stomatal conductance in the Arabidopsis thaliana 
ecotypes Col-0 and Ely-1a. Ely-1a has been shown to carry a point mutation in 
the chloroplastic gene psbA that encodes the D1 protein of PSII reaction center 
(El-Lithy et al., 2005). The mutation leads to a reduced efficiency of 
photosynthesis (Fv/Fm, PhiPSII) and a specific resistance to the herbicide 
atrazine in Ely-1a. In Col-0, atrazine negatively affects Fv/Fm and PhiPSII and 
stomatal conductance is decreased, while in Ely-1a there is no effect neither on 
chlorophyll a fluorescence parameters nor stomatal closing (Paper II, Fig. 3). 
Interestingly, in response to DCMU and ioxinyl, which similarly to atrazine 
block PETC at the donor site of PSII, stomatal closing remains intact in both 
ecotypes. Stomatal opening to red light, detected by real-time gas exchange 
analysis, in Ely-1a was not affected by atrazine application while in Col-0 it 
was slowed as compared to control treatment (Paper II, Fig. 4). DBMIB 
inhibitor treatment, which blocks the electron flow from PQ towards 
cytochrome b6f complex (keeping the PQ in a more reduced state) lowered the 
photosynthetic parameters of Col-0 and Ely-1a while stomatal apertures 
remained unchanged in both ecotypes as measured by a Leaf Porometer (Paper 
II, Fig. 3). Due to the effects of atrazine on Col-0 and Ely-1a it can be 
concluded that the PSII activity is involved in stomatal aperture control and 
mediates the opening to red light independently of Ci. Disruption of PETC by 
any of the inhibitors used in our study would ultimately result in a reduced 
ATP, NADPH production and CO2 fixation in the Calvin cycle leading to an 
increased [Ci] that would signal stomatal closure. However, the absence of a 
reduced aperture under DBMIB treatment indicates stomatal movement control 
by the redox state of PQ pool rather than an altered [Ci]. Based on the PETC 
inhibitor analyses, an oxidized redox state of the PQ pool drives stomatal 
closure while its reduced state maintains stomata opened. 
In paper II, the PQ pool was estimated as more reduced in Ely-1a, where 
steady-state gs levels were higher as compared to Col-0. A reduced state of the 
PQ pool may thus function as one of the factors that contribute to stomatal 
opening or inhibition of closing. Here, a reduced PQ pool (DBMIB treatment) 
kept stomata open, without inducing further opening both in Ely-1a and Col-0 
(Paper II). Previously, a role of PQ in red light-induced opening has been 
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suggested (Busch 2014). It may be argued that other factors, in concert with a 
reduced PQ pool, are required for wider guard cell apertures. 
The signaling components that transduce the redox information to the guard 
cells are yet to be fully elucidated. H2O2 and NO are crucial in maintenance of 
a redox homeostasis and are important in ABA- and CO2-induced stomatal 
movements (Shi et al., 2015). Thus, H2O2 and/or NO may function as signaling 
molecules that transduce the redox status of PQ pool into appropriate stomatal 
movements. It remains to be shown whether HT1 protein kinase in guard cells 
may perceive a redox signal and mediate appropriate stomatal movements. 
HT1 shares high homology to MAPKK kinases (Ichimura et al., 2002) and 
MAPK pathways can be activated by ROS during oxidative stress (Kovtun et 
al., 2000; Son et al., 2011).  
4.4 Is there a role for H
+
-ATPase activation in the red light-
induced stomatal opening mediated by HT1? 
In Paper I it was shown that a lack of HT1 activity abolishes stomatal opening 
to red light. Thus, HT1 protein kinase can ultimately regulate signaling 
pathways that confer red light-induced stomatal opening responses. 
Hyperpolarization of guard cell plasma membrane is a crucial process that 
ultimately leads to stomatal opening (Shimazaki et al., 2007). During blue 
light-induced stomatal opening, H
+
-ATPase pump activity drives membrane 
hyperpolarization (Assmann et al., 1985; Roelfsema et al., 2001) which is 
followed by inhibition of S-type anion channels (Marten et al., 2007). The 
proton pump function requires an ATP energy supply. Thus, light-induced 
stomatal opening responses are not only dependent on a passive inhibition of 
closure, but the result of an active energy-consuming alteration of the cell 
membrane potential. It has been shown that HT1 prevents activation of anion 
channel SLAC1 during high [CO2] signaling (Xue et al., 2011; Tian et al., 
2015). The involvement of H
+
-ATPase activity in the red light-induced 
stomatal opening has been a matter of debate and a signaling compound that 
would trigger H
+
 extrusion under red light illumination is yet to be elucidated. 
Several studies have confirmed a red light activation of plasma membrane H
+
-
ATPase (Schwartz and Zeiger, 1984; Serrano et al., 1988; Olsen et al., 2002) 
while others did not (Tylor and Assmann, 2001; Roelfsema et al., 2001). Red 
light, unlike blue light, does not induce activation of H
+
-ATPase by 
phosphorylation of a penultimate threonine in the C-terminus of the protein 
(Kinoshita and Shimazaki, 1999). Alternatively, red light-induced stomatal 
movements can also be increased by the amount of H
+
-ATPase in the plasma 
membrane (Hashimoto-Sugimoto et al., 2013; Wang et al., 2014). 
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In this study, an attempt was made to address a functional interplay between 
HT1 and plasma membrane H
+
-ATPase activity by examining the process of 
radical emergence, an important phase during seed germination associated with 
elongation growth of the embryo hypocotyl (lower hypocotyl and the 
hypocotyl-radicle transition zone) (Wu et al., 2012). Germination is induced by 
red light and hypocotyl radicle protrusion, that marks the beginning of seed 
germination, depends on H
+
-ATPase activity at the plasma membrane 
(Enriquez-Arredondo et al., 2005). In contrast, ABA inhibits seed germination 
through suppression of H
+
-ATPase activity (van den Wijngaard et al., 2005; 
Planes et al., 2014). The plasma-membrane H
+
-ATPase AHA1 is important 
during elongation growth of the embryo (Enriquez-Arredondo et al., 2005). 
The genes AHA1 (At2g18960) and HT1 (At1g62400) are highly expressed 
during the globular stage of embryo development in the chalazal seed coat 
(Arabidopsis eFP browser at bar.utoronto.ca database). A co-localization of 
AHA1 and HT1 gene expression during embryo development may indicate a 
possibility for the proteins of these genes to be present and function together in 
other tissues over the course of plant growth. 
The phytotoxin fusicoccin activates H
+
-ATPase (Johansson et al., 1993) at 
the same site as 14-3-3 proteins during blue light-induced stomatal opening 
(reviewed in Shimazaki et al., 1997). Previously, the application of fusicoccin 
was shown to restore the radicle emergence of a mutant affected in seed 
germination (Wu et al., 2012). In the current study, the role of H
+
-ATPase in 
seed germination was explored using a novel technique, used here for the first 
time, where ABA-inhibited radicle emergence can be restored by fusicoccin 
application. 
 Early radicle emergence in seeds of the strong ht1-2 mutant allele and ost1-
3/ht1-2 were slowed as compared to Col-0 at 24 h, whereas ost1-3 exhibited a 
more pronounced delay (Fig. 6). The delay in early seed germination processes 
in ost1-3 correlates with findings of a recent study (Fig. 1d in Waadt et al., 
2015). ABA treatment (0.75 M) decreased the radicle emergence in ht1-1, 
ht1-2 and wild type to similar levels and correlates to the previously described 
ht1 mutant phenotype (Hashimoto et al., 2006). The ost1-3 mutant allele was 
severly affected in radicle emergence under ABA treatment (Fig. 6) in 
accordance to earlier studies where ost1-3 germination was decreased during 
low concentrations of ABA (Yoshida et al., 2002). Addition of the phytotoxin 
fusicoccin (FC), thus activating plasma membrane H
+
-ATPases, completely 
restored the ABA-inhibited radicle emergence in Col-0, ht1 and ost1-3/ht1-2 
mutant allele seeds to wild-type levels (–ABA), while ost1-3 was only partially 
restored. This assay demonstrates that early ABA-inhibited radicle emergence 
is largely dependent on repressing H
+
-ATPase activity and introduces radicle 
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emergence analysis as a tool to study the regulation of H
+
-ATPase activity. 
During radicle emergence, HT1 and OST1 are revealed to positively regulate 
H
+
-ATPase activity, in contrast to OST1 function in guard cells (Yin et al., 
2013). The effect of OST1 on H
+
-ATPase activity may thus differ depending 
on tissue and biological and developmental context. Interestingly, even during 
seed germination (Fig. 6) HT1 gene function is epistatic to OST1, as it is during 
red light and CO2 responses in guard cells (Paper I). It may be argued that the 
regulation of red light-induced stomatal opening by HT1 include both the 
inhibition of high [CO2]-induced stomatal closure as well as H
+
-ATPase 
activation, which together drive hyperpolarization of plasma membranes in 
guard cells. 
 
Figure 7. The effect of ABA and fusicoccin on the radicle emergence in the wild type Col-0 and 
ht1-1, ht1-2, ost1-3 and ost-3/ht1-2. Sterilized seeds were plated on½ MS plates supplemented 
with or without 0.75 µM ABA and 1 µM fusicoccin, cold-treated for 48 h and consequently 
transferred to a growth chamber under a light fluency of ~150 µmol m
-2
s
-1
. After 24 h, the 
percentage of radicle emergence was estimated at 12 h intervals. Data presented are the mean of ± 
SE (n=5; 60 seeds per experiment), similar results were obtained in three repeated independent 
experiments. 
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4.5 The circadian clock regulates stomatal movements through 
the light receptor ZTL and the protein kinase OST1 (Paper 
III). 
The OST1 protein kinase is a key regulator of ABA and CO2-induced stomatal 
closure (Yoshida et al., 2002; Xue et al., 2011). Work in this thesis has 
established a role of OST1 also in the regulation of stomatal opening to red 
light (Paper I). The control of stomatal movements by light and ABA is tightly 
coordinated by the circadian clock (Gorton et al., 1993; Kusakina and Dodd, 
2012; Hotta et al., 2007). The effectiveness of environmental factors in driving 
stomatal responses depends on the time of the day and therefore on circadian 
rhythms. For example, ABA initiates stomatal closure more effectively in the 
evening hours, while light causes more guard cell swelling during the day. The 
F-box protein ZEITLUPE (ZTL) is a blue light photoreceptor and key 
circadian clock element which acts both as an input and output circadian 
component. Mutant analyses showed that ZTL plays a role in regulating 
stomatal movements and interestingly, a direct interaction between ZTL and 
OST1 proteins was confirmed (Paper III, Figure 3). An absence of ZTL, 
similarly to the lack of functional OST1 protein kinase activity, leads to a more 
opened stomatal phenotype that was shown using different approaches (Paper 
III, Fig. 1). Similar ztl-3 and ost1-3 phenotypes were observed also during 
early seed germination, with delayed radicle emergence compared to control. A 
comparable function of ZTL and OST1, based on mutant analysis, thus appears 
to be conserved in different biological settings of Arabidopsis thaliana. The 
similar mutant phenotypes make it unlikely that OST1 is targeted for 
degradation through ZTL interaction. A transient expression assay in 
ztl/fkf/lkp2 mutant back-ground protoplasts (Paper III, Supplementary Figs. 1, 
2) confirmed that overexpressed epitope-tagged OST1 were not degraded by 
ZTL, while a ZTL-dependent degradation of TOC1 occurred. It is well 
established that OST1 is a key regulator of ABA signaling and consequently 
guard cells of ost1-1, ost1-2, ost1-3 mutant plants are ABA insensitive 
(Mustilli et al., 2002; Yoshida et al., 2002). Interestingly, ztl-3 mutant stomata 
also showed a degree of ABA insensitivity compared to Col-0 (Paper III, Fig. 
2). Thus, both ZTL and OST1 act as positive components in ABA-induced 
stomatal closure. It can be argued that the higher protein content of ZTL before 
dusk (Kim et al., 2007) can facilitate the previously established, more effective 
ABA-induced stomatal closing during evening hours (Correia and Pereira, 
1995). A function of ZTL1 in stomatal responses to desiccation and ABA 
treatment was also confirmed in Populus by water loss, stomatal conductance 
and aperture analyses performed on transgenic, ZTL-RNAi trees (Paper III, 
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Fig. 4). Together the presented data provide a direct link between the circadian 
clock and OST1-mediated stomatal aperture control. 
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5 Conclusions and Future perspectives 
Stomatal movements need to be optimally regulated to balance the water use 
efficiency of plants, a trait crucial for biomass accumulation and stress 
adaptation. The current study has revealed new aspects on the control of 
stomatal movements in response to carbon dioxide, red light illumination 
(Paper I and II) and the circadian clock (Paper III). 
The HT1 protein kinase is here established to be a key regulator of red 
light-induced stomatal opening (Paper I). The low CO2-insensitive ht1-2 
mutant showed a complete lack of stomatal opening to red light, with retained 
blue light stomatal responses. The HT1mgene function was found to be 
epistatic to OST1 during CO2- and red light-induced stomatal signaling. 
Based on data in Paper I and II, stomatal opening in response to red 
illumination may be mediated by processes other than a photosynthesis-derived 
reduction in Ci, such as a redox signal originating in the PETC or other 
unknown mechanisms. In a comparative study between Col-0 and the atrazine-
resistant Ely-1a ecotype (Paper II), the activity of PETC and its effect on the 
redox state of PQ pool was found to regulate stomatal movements. It was 
concluded that stomatal closure is induced by an oxidized state of the PQ pool, 
while a reduced state maintains stomata open. A reduced PQ pool may still 
contribute to the stomatal red light response as initially hypothesized, but 
depend on other unknown signaling. Using several biochemical and 
physiological approaches, the blue light photoreceptor ZTL was suggested to 
control stomatal movements through OST1 activity. The physical interaction 
between ZTL and OST1 uncovers a mechanism by which the circadian clock 
can control stomatal water loss and desiccation responses via ABA-induced 
signaling. 
Uncovering new mechanisms in the regulation of stomatal movements 
raises more questions that need to be answered by future investigations. The 
aim of Paper I was to better understand the role of HT1 in transducing red 
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light-induced stomatal opening. The function of HT1 as an inhibitor of high 
[CO2] signaling helps to explain the lack of red light response in ht1-2. 
However other data suggested the existence of Ci-independent pathways (Paper 
I) therefore the role of HT1 needed to be expanded. The radicle emergence 
results introduced H
+
-ATPase activity as a possible downstream target of HT1, 
therefore prompting more experiments on HT1 function and identification of 
HT1-interacting partners in the future. In comparison, ABA inhibits stomatal 
opening, via OST1 inhibition of H
+
-ATPase, and ABA induces stomatal 
closing, via OST1 activation of anion channels and inhibition of K
+
-in 
channels (Yin et al., 2013). Another aspect of the stomatal response to red light 
is the nature of the signal that mediates the guard cell response. A PQ pool 
with higher redox potential is suggested to positively regulate stomatal opening 
(Paper II). Red light induces photosynthetic electron transport and Calvin cycle 
activation that results in Ci depletion. When Ci is low the Calvin cycle activity 
slows down, the demand for ATP and NADPH is decreased, therefore a higher 
proportion of PQ is reduced. Thus, the redox state of PQ is likely to signal 
stomatal opening in order to let CO2 inside the leaf to support Calvin cycle 
reactions. How an altered redox status of the PQ pool in mesophyll 
chloroplasts ultimately would be transduced into the guard cells, situated in the 
upper and lower epidermis of leaves, remains an interesting topic for future 
experiments. The HT1 protein kinase shares high homology to MAPKK 
kinases (Ichimura et al., 2012) and redox-related mechanisms during oxidative 
stress can activate MAPK cascades (Kovtun et al., 2000; Son et al., 2011). 
Whether HT1 MAPKK kinase can be activated through a redox signaling 
originating within the photosynthetic electron transport is yet to be elucidated. 
Protein kinase activity experiments of HT1 protein where the redox status is 
controlled could help to resolve this question. 
The clock component ZTL and the protein kinase OST1 showed similar 
mutant stomatal phenotypes and a physical interaction between proteins was 
established (Paper III).Therefore, a circadian regulation of guard cell turgor via 
OST1 activities may occur through binding of ZTL to OST1. Interestingly, the 
content of ZTL protein is high before dusk (Kim et al, 2007) when stomatal 
sensitivity to ABA is increased (Correia and Pereira, 1995). Whether ZTL acts 
on OST1 activity, independent of ABA, to govern stomatal movements also 
deserves further attention. Other clock components such as TOC1 and PRR5 
are expressed throughout the day and together with ZTL they provide a 
continuous diurnal clock control of physiological processes in plants (Hotta et 
al., 2007; Nagel and Kay 2012). It remains to be shown whether several clock 
components may regulate OST1 function and what effect that would bring 
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about on for example the diurnal control of stomatal apertures, stress 
responses, transcriptional changes and seed germination. 
The regulation of stomatal opening by red light relies on sophisticated 
molecular mechanisms including the interplay between HT1 and OST1 protein 
kinases. An altered stomatal and photosynthesis phenotype of Arabidopsis 
ecotype Ely-1a offers an opportunity to further examine guard cell function in 
relation to photosynthetic electron transport and to possibly unravel the signal 
that drives turgor changes in guard cells. OST1 protein kinase regulates 
stomatal movements and biochemical evidence in Paper III suggests a link 
between circadian clock control and stomatal function. Investigations on the 
role of SnRKs in plant adaptation to stress and to rhythmically changing 
natural environment are of high importance for understanding plant fitness and 
improving agricultural yield. Finally, a better understanding of the molecular 
aspects of stomatal regulation by environmental cues and the circadian clock 
may lead to effective tools for tailoring plants with C3 metabolism into CAM 
plants. 
54 
References 
Acharya BR, Assmann SM (2009) Hormone interactions in stomatal function. Plant 
Molecular Biology 69:451-462.  
Acharya BR, Jeon BW, Zhang W, Assmann SM (2013) Open Stomata 1 (OST1) is 
limiting in abscisic acid responses of Arabidopsis guard cells. New Phytol 
200:1049-1063.  
Alabadi D, Oyama T, Yanovsky MJ, Harmon FG, Mas P, Kay SA (2001) Reciprocal 
regulation between TOC1 and LHY/CCA1 within the Arabidopsis circadian 
clock. Science 293:880-883.  
Allen GJ, Chu SP, Harrington CL, Schumacher K, Hoffman T, Tang YY, Grill E, 
Schroeder JI (2001) A defined range of guard cell calcium oscillation 
parameters encodes stomatal movements. Nature 411:1053-1057. 
Araujo WL, Fernie AR, Nunes-Nesi A (2011) Control of stomatal aperture: a 
renaissance of the old guard. Plant Signal Behav 6:1305-1311. 
Assmann SM (1988) Enhancement of the Stomatal Response to Blue Light by Red 
Light, Reduced Intercellular Concentrations of CO2, and Low Vapor 
Pressure Differences. Plant Physiology 87:226231. 
Assmann SM, Shimazaki K (1999) The multisensory guard cell. Stomatal responses to 
blue light and abscisic acid. Plant Physiology 119:809-815. 
Assmann SM, Simoncini L, Schroeder JI (1985) Blue light activates electrogenic ion 
pumping in guard cell protoplasts of Vicia faba. Nature 318:285-287.  
Azoulay-Shemer T, Palomares A, Bagheri A, Israelsson-Nordstrom M, Engineer CB, 
Bargmann BOR, Stephan AB, Schroeder JI (2015) Guard cell photosynthesis 
is critical for stomatal turgor production, yet does not directly mediate 
CO2- and ABA-induced stomatal closing. Plant Journal 83:567-581.  
Baroli I, Price GD, Badger MR, von Caemmerer S (2008) The contribution of 
photosynthesis to the red light response of stomatal conductance. Plant 
physiology 146:737-747.  
Battaglia M, Olvera-Carrillo Y, Garciarrubio A, Campos F, Covarrubias AA (2008) The 
enigmatic LEA proteins and other hydrophilins. Plant Physiol 148:6-24. 
Betts RA, Boucher O, Collins M, Cox PM, Falloon PD, Gedney N, Hemming DL, 
Huntingford C, Jones CD, Sexton DMH, Webb MJ (2007) Projected increase 
in continental runoff due to plant responses to increasing carbon dioxide. 
55 
Nature 448:1037-U1035.  
Boxall SF, Foster JM, Bohnert HJ, Cushman JC, Nimmo HG, Hartwell J (2005) 
Conservation and divergence of circadian clock operation in a stress-
inducible Crassulacean acid metabolism species reveals clock 
compensation against stress. Plant Physiol 137:969-982.  
Brandt B, Brodsky DE, Xue S, Negi J, Iba K, Kangasjarvi J, Ghassemian M, Stephan AB, 
Hu H, Schroeder JI (2012) Reconstitution of abscisic acid activation of 
SLAC1 anion channel by CPK6 and OST1 kinases and branched ABI1 PP2C 
phosphatase action. Proceedings of the National Academy of Sciences of the 
United States of America 109:10593-10598.  
Brearley J, Venis MA, Blatt MR (1997) The effect of elevated CO2 concentrations on 
K
+
 and anion channels of Vicia faba L. guard cells. Planta 203:145-154.
Busch FA (2014) Opinion: The red-light response of stomatal movement is sensed 
by the redox state of the photosynthetic electron transport chain. 
Photosynthesis Research 119:131-140.  
Christie JM (2007) Phototropin blue-light receptors. In:  Annual Review of Plant 
Biology, vol 58. Annual Review of Plant Biology. pp 21-45. 
Correia MJ, Pereira JS (1995) The control of leaf conductance of white lupin by 
xylem ABA concentration decreases with the severity of water deficits. 
Journal of Experimental Botany 46:101-110.  
Dixon LE, Hodge SK, van Ooijen G, Troein C, Akman OE, Millar AJ (2014) Light and 
circadian regulation of clock components aids flexible responses to 
environmental signals. New Phytol 203:568-577.  
Dodd AN, Jakobsen MK, Baker AJ, Telzerow A, Hou S-W, Laplaze L, Barrot L, Scott 
Poethig R, Haseloff J, Webb AAR (2006) Time of day modulates low-
temperature Ca
2+ 
signals in Arabidopsis. The Plant Journal 48:962-973.
Dow GJ, Bergmann DC (2014) Patterning and processes: how stomatal development 
defines physiological potential. Current opinion in plant biology 21:67-74. 
Dunlap JC (1998) Common threads in eukaryotic circadian systems. Current opinion 
in genetics & development 8:400-406.  
Dwyer SA, Chow WS, Yamori W, Evans JR, Kaines S, Badger MR, von Caemmerer S 
(2012) Antisense reductions in the PsbO protein of photosystem II leads to 
decreased quantum yield but similar maximal photosynthetic rates. Journal 
of Experimental Botany 63:4781-4795.  
El-Lithy ME, Rodrigues GC, van Rensen JJS, Snel JFH, Dassen H, Koornneef M, Jansen 
MAK, Aarts MGM, Vreugdenhil D (2005) Altered photosynthetic 
performance of a natural Arabidopsis accession is associated with atrazine 
resistance. Journal of Experimental Botany 56:1625-1634.  
Endo M, Shimizu H, Nohales MA, Araki T, Kay SA (2014) Tissue-specific clocks in 
Arabidopsis show asymmetric coupling. Nature 515:419.  
Engineer CB, Ghassemian M, Anderson JC, Peck SC, Hu H, Schroeder JI (2014) 
Carbonic anhydrases, EPF2 and a novel protease mediate CO2 control of 
stomatal development. Nature 513:246.  
Engineer CB, Hashimoto-Sugimoto M, Negi J, Israelsson-Nordstrom M, Azoulay-
Shemer T, Rappel WJ, Iba K, Schroeder JI (2015) CO2 Sensing and CO2 
56 
 
Regulation of Stomatal Conductance: Advances and Open Questions. 
Trends Plant Sci.  
Enriquez-Arredondo C, Sanchez-Nieto S, Rendon-Huerta E, Gonzalez-Halphen D, 
Gavilanes-Ruiz M, Diaz-Pontones D (2005) The plasma membrane H(
+
)-
ATPase of maize embryos localizes in regions that are critical during the 
onset of germination. Plant Science 169:11-19.  
Eriksson ME, Millar AJ (2003) The circadian clock. A plant's best friend in a spinning 
world. Plant Physiol 132:732-738.  
Eriksson ME, Webb AA (2011) Plant cell responses to cold are all about timing. Curr 
Opin Plant Biol 14:731-737.  
Farquhar GD, Caemmerer SV, Berry JA (1980) A biochemical-model of 
photosynthetic CO2 assimilation in leaves of C-3 species. Planta 149:78-90.  
Foyer CH, Shigeoka S (2011) Understanding Oxidative Stress and Antioxidant 
Functions to Enhance Photosynthesis. Plant Physiology 155:93-100.  
Fujii H, Chinnusamy V, Rodrigues A, Rubio S, Antoni R, Park S-Y, Cutler SR, Sheen J, 
Rodriguez PL, Zhu J-K (2009) In vitro reconstitution of an abscisic acid 
signalling pathway. Nature 462:660-U138.  
Fujii H, Verslues PE, Zhu JK (2007) Identification of Two Protein Kinases Required for 
Abscisic Acid Regulation of Seed Germination, Root Growth, and Gene 
Expression in Arabidopsis. The Plant Cell online 19:485-494.  
Fujita Y, Fujita M, Shinozaki K, Yamaguchi-Shinozaki K (2011) ABA-mediated 
transcriptional regulation in response to osmotic stress in plants. Journal of 
Plant Research 124:509-525.  
Garcia-Mata C, Gay R, Sokolovski S, Hills A, Lamattina L, Blatt MR (2003) Nitric oxide 
regulates K
+
 and Cl
- 
channels in guard cells through a subset of abscisic 
acid-evoked signaling pathways. Proceedings of the National Academy of 
Sciences of the United States of America 100:11116-11121.  
Geiger D, Scherzer S, Mumm P, Marten I, Ache P, Matschi S, Liese A, Wellmann C, Al-
Rasheid KAS, Grill E, Romeis T, Hedrich R (2010) Guard cell anion channel 
SLAC1 is regulated by CDPK protein kinases with distinct Ca2+ affinities. 
Proceedings of the National Academy of Sciences of the United States of 
America 107:8023-8028.  
Geiger D, Scherzer S, Mumm P, Stange A, Marten I, Bauer H, Ache P, Matschi S, Liese 
A, Al-Rasheid KAS, Romeis T, Hedrich R (2009) Activity of guard cell anion 
channel SLAC1 is controlled by drought-stress signaling kinase-
phosphatase pair. Proceedings of the National Academy of Sciences of the 
United States of America 106:21425-21430.  
Gonzalez-Guzman M, Pizzio GA, Antoni R, Vera-Sirera F, Merilo E, Bassel GW, 
Fernandez MA, Holdsworth MJ, Angel Perez-Amador M, Kollist H, 
Rodriguez PL (2012) Arabidopsis PYR/PYL/RCAR Receptors Play a Major 
Role in Quantitative Regulation of Stomatal Aperture and Transcriptional 
Response to Abscisic Acid. Plant Cell 24:2483-2496.  
Gorton HL, Williams WE, Assmann SM (1993) Circadian Rhythms in Stomatal 
Responsiveness to Red and Blue Light. Plant Physiol 103:399-406.  
Gorton HL, Williams WE, Binns ME, Gemmell CN, Leheny EA, Shepherd AC (1989) 
57 
 
Circadian stomatal rhythms in epidermal peels from Vicia faba. Plant 
Physiology 90:1329-1334.  
Gould PD, Locke JCW, Larue C, Southern MM, Davis SJ, Hanano S, Moyle R, Milich R, 
Putterill J, Millar AJ, Hall A (2006) The Molecular Basis of Temperature 
Compensation in the Arabidopsis Circadian Clock. The Plant Cell 18:1177-
1187.  
Hashimoto M, Negi J, Young J, Israelsson M, Schroeder JI, Iba K (2006) Arabidopsis 
HT1 kinase controls stomatal movements in response to CO2. Nat Cell Biol 
8:391-397.  
Hashimoto-Sugimoto M, Higaki T, Yaeno T, Nagami A, Irie M, Fujimi M, Miyamoto 
M, Akita K, Negi J, Shirasu K, Hasezawa S, Iba K (2013) A Munc13-like 
protein in Arabidopsis mediates H+-ATPase translocation that is essential 
for stomatal responses. Nature Communications 4.  
Havaux M, Niyogi KK (1999) The violaxanthin cycle protects plants from 
photooxidative damage by more than one mechanism. Proceedings of the 
National Academy of Sciences of the United States of America 96:8762-8767.  
Haworth M, Elliott-Kingston C, McElwain JC (2011) Stomatal control as a driver of 
plant evolution. Journal of Experimental Botany 62:2419-2423.  
Hayashi M, Kinoshita T (2011) Crosstalk between blue-light- and ABA-signaling 
pathways in stomatal guard cells. Plant signaling & behavior 6:1662-1664.  
Hazen SP, Schultz TF, Pruneda-Paz JL, Borevitz JO, Ecker JR, Kay SA (2005) LUX 
ARRHYTHMO encodes a Myb domain protein essential for circadian 
rhythms. Proc Natl Acad Sci U S A 102:10387-10392.  
Heath OVS (1950) Studies in stomatal behaviour. The role of carbon dioxide in the 
light response of stomata. Investigation of the cause of abnormally wide 
stomatal opening within porometer cups. Journal of Experimental Botany 
1:29-62.  
Hedrich R, Busch H, Raschke K (1990) Ca
2+ 
and nucleotide dependent regulation of 
voltage dependent anion channels in the plasma membrane of guard cells. 
Embo j 9:3889-3892.  
Heldt H-W (2005) Plant Biochemistry. Elsevier Academic Press (Third Edition), third 
edn. Academic Press, Burlington.  
Hetherington AM, Raven JA (2005) The biology of carbon dioxide. Curr Biol 15:R406-
410.  
Hotta CT, Gardner MJ, Hubbard KE, Baek SJ, Dalchau N, Suhita D, Dodd AN, Webb 
AAR (2007) Modulation of environmental responses of plants by circadian 
clocks. Plant Cell and Environment 30:333-349.  
Hrabak EM, Chan CW, Gribskov M, Harper JF, Choi JH, Halford N, Kudla J, Luan S, 
Nimmo HG, Sussman MR, Thomas M, Walker-Simmons K, Zhu J-KK, 
Harmon AC (2003) The Arabidopsis CDPK-SnRK superfamily of protein 
kinases. Plant physiology 132:666-680.  
Hu H, Boisson-Dernier A, Israelsson-Nordstrom M, Bohmer M, Xue S, Ries A, 
Godoski J, Kuhn JM, Schroeder JI (2010) Carbonic anhydrases are upstream 
regulators of CO2-controlled stomatal movements in guard cells. Nat Cell 
Biol 12:87-93; sup pp 81-18.  
58 
 
Huang W, Pérez-García P, Pokhilko A, Millar AJ, Antoshechkin I, Riechmann JL, Mas P 
(2012) Mapping the core of the Arabidopsis circadian clock defines the 
network structure of the oscillator. Science (New York, NY) 336:75-79.  
Ichimura K, Shinozaki K, Tena G, Sheen J, Henry Y, Champion A, Kreis M, Zhang S, 
Hirt H, Wilson C, Heberle-Bors E (2002) Mitogen-activated protein kinase 
cascades in plants: a new nomenclature. Trends Plant Sci 7:301-308.  
Imes D, Mumm P, Boehm J, Al-Rasheid KAS, Marten I, Geiger D, Hedrich R (2013) 
Open stomata 1 (OST1) kinase controls R-type anion channel QUAC1 in 
Arabidopsis guard cells. Plant Journal 74:372-382.  
Johansson F, Sommarin M, Larsson C (1993) Fusicoccin activates the plasma-
membrane H
+
-ATPase by a mechanism involving the C-terminal inhibitory 
domain. Plant Cell 5:321-327.  
Johansson M, McWatters HG, Bako L, Takata N, Gyula P, Hall A, Somers DE, Millar AJ, 
Eriksson ME (2011) Partners in Time: EARLY BIRD Associates with ZEITLUPE 
and Regulates the Speed of the Arabidopsis Clock. Plant Physiology 
155:2108-2122.  
Kangasjärvi J, Jaspers P, Kollist H (2005) Signalling and cell death in ozone-exposed 
plants. Plant, Cell & Environment 28:1021-1036.  
Keenan TF, Hollinger DY, Bohrer G, Dragoni D, Munger JW, Schmid HP, Richardson 
AD (2013) Increase in forest water-use efficiency as atmospheric carbon 
dioxide concentrations rise. Nature 499:324-327.  
Kevei E, Gyula P, Hall A, Kozma-Bognar L, Kim WY, Eriksson ME, Toth R, Hanano S, 
Feher B, Southern MM, Bastow RM, Viczian A, Hibberd V, Davis SJ, Somers 
DE, Nagy F, Millar AJ (2006) Forward genetic analysis of the circadian clock 
separates the multiple functions of ZEITLUPE. Plant Physiol 140:933-945.  
Kiba T, Henriques R, Sakakibara H, Chua N-H (2007) Targeted Degradation of 
PSEUDO-RESPONSE REGULATOR5 by an SCF(ZTL) Complex Regulates 
Clock Function and Photomorphogenesis in Arabidopsis thaliana. The Plant 
Cell 19:2516-2530.  
Kim J, Geng R, Gallenstein RA, Somers DE (2013) The F-box protein ZEITLUPE 
controls stability and nucleocytoplasmic partitioning of GIGANTEA. 
Development 140:4060-4069.  
Kim T-H, Boehmer M, Hu H, Nishimura N, Schroeder JI (2010) Guard Cell Signal 
Transduction Network: Advances in Understanding Abscisic Acid, CO2, and 
Ca2+ Signaling. Annual Review of Plant Biology, Vol 61 61:561-591.  
Kim W-Y, Fujiwara S, Suh S-S, Kim J, Kim Y, Han L, David K, Putterill J, Nam HG, 
Somers DE (2007) ZEITLUPE is a circadian photoreceptor stabilized by 
GIGANTEA in blue light. Nature 449:356.  
Kinoshita T, Doi M, Suetsugu N, Kagawa T, Wada M, Shimazaki K (2001) phot1 and 
phot2 mediate blue light regulation of stomatal opening. Nature 414:656-
660.  
Kinoshita T, Shimazaki K (1999) Blue light activates the plasma membrane H
+
-
ATPase by phosphorylation of the C-terminus in stomatal guard cells. The 
EMBO journal 18:5548-5558.  
Kinoshita T, Shimazaki K-i (2002) Biochemical evidence for the requirement of 14-3-
59 
3 protein binding in activation of the guard-cell plasma membrane H+-
ATPase by blue light. Plant & cell physiology 43:1359-1365.  
Koornneef M, Leon-Kloosterziel KM, Schwartz SH, Zeevaart JAD (1998) The genetic 
and molecular dissection of abscisic acid biosynthesis and signal 
transduction in Arabidopsis. Plant Physiology and Biochemistry 36:83-89. 
Kovtun Y, Chiu WL, Tena G, Sheen J (2000) Functional analysis of oxidative stress-
activated mitogen-activated protein kinase cascade in plants. Proc Natl 
Acad Sci U S A 97:2940-2945.  
Kurschner WM (2001) Leaf sensor for CO2 in deep time. Nature 411:247-248. 
Kurup S, Jones HD, Holdsworth MJ (2000) Interactions of the developmental 
regulator ABI3 with proteins identified from developing Arabidopsis seeds. 
Plant J 21:143-155.  
Kusakina J, Dodd AN (2012) Phosphorylation in the plant circadian system. Trends in 
Plant Science 17:575-583.  
Lake JA, Quick WP, Beerling DJ, Woodward FI (2001) Plant development - Signals 
from mature to new leaves. Nature 411:154-154.  
Lawson T (2009) Guard cell photosynthesis and stomatal function. New Phytol 
181:13-34.  
Lawson T, Blatt MR (2014) Stomatal Size, Speed, and Responsiveness Impact on 
Photosynthesis and Water Use Efficiency. Plant Physiology 164:1556-1570. 
Lawson T, Lefebvre S, Baker NR, Morison JIL, Raines CA (2008) Reductions in 
mesophyll and guard cell photosynthesis impact on the control of stomatal 
responses to light and CO2. Journal of Experimental Botany 59:3609-3619.  
Lawson T, Oxborough K, Morison JIL, Baker NR (2002) Responses of photosynthetic 
electron transport in stomatal guard cells and mesophyll cells in intact 
leaves to light, CO2, and humidity. Plant Physiology 128:52-62.  
Lawson T, Oxborough K, Morison JIL, Baker NR (2003) The responses of guard and 
mesophyll cell photosynthesis to CO2, O2, light, and water stress in a range 
of species are similar. Journal of Experimental Botany 54:1743-1752.  
Lee SC, Lan W, Buchanan BB, Luan S (2009) A protein kinase-phosphatase pair 
interacts with an ion channel to regulate ABA signaling in plant guard cells. 
Proceedings of the National Academy of Sciences of the United States of 
America 106:21419-21424.  
Lin Y-S, Medlyn BE, Duursma RA, Prentice IC, Wang H, Baig S, Eamus D, Resco de 
Dios V, Mitchell P, Ellsworth DS, Op de Beeck M, Wallin G, Uddling J, 
Tarvainen L, Linderson M-L, Cernusak LA, Nippert JB, Ocheltree T, Tissue 
DT, Martin-St Paul NK, Rogers A, Warren JM, De Angelis P, Hikosaka K, Han 
Q, Onoda Y, Gimeno TE, Barton CVM, Bennie J, Bonal D, Bosc A, Loew M, 
Macinins-Ng C, Rey A, Rowland L, Setterfield SA, Tausz-Posch S, Zaragoza-
Castells J, Broadmeadow MSJ, Drake JE, Freeman M, Ghannoum O, Hutley 
LB, Kelly JW, Kikuzawa K, Kolari P, Koyama K, Limousin J-M, Meir P, Lola da 
Costa AC, Mikkelsen TN, Salinas N, Sun W, Wingate L (2015) Optimal 
stomatal behaviour around the world. Nature Climate Change 5:459-464.  
Ma Y, Szostkiewicz I, Korte A, Moes D, Yang Y, Christmann A, Grill E (2009) 
Regulators of PP2C phosphatase activity function as abscisic acid sensors. 
60 
 
Science (New York, NY) 324:1064-1068.  
Mao J, Zhang YC, Sang Y, Li QH, Yang HQ (2005) A role for Arabidopsis 
cryptochromes and COP1 in the regulation of stomatal opening. 
Proceedings of the National Academy of Sciences of the United States of 
America 102:12270-12275.  
Marten H, Hedrich R, Roelfsema MRG (2007) Blue light inhibits guard cell plasma 
membrane anion channels in a phototropin-dependent manner. Plant 
Journal 50:29-39.  
Mas P, Kim W-Y, Somers DE, Kay SA (2003) Targeted degradation of TOC1 by ZTL 
modulates circadian function in Arabidopsis thaliana. Nature 426:567-570.  
Más P, Kim W-YY, Somers DE, Kay SA (2003) Targeted degradation of TOC1 by ZTL 
modulates circadian function in Arabidopsis thaliana. Nature 426:567-570.  
Matrosova A, Bogireddi H, Mateo-Peñas A, Hashimoto-Sugimoto M, Iba K, 
Schroeder JI, Israelsson-Nordström M (2015) The HT1 protein kinase is 
essential for red light-induced stomatal opening and genetically interacts 
with OST1 in red light and CO2-induced stomatal movement responses. 
New Phytol:n/a-n/a.  
Merilo E, Laanemets K, Hu H, Xue S, Jakobson L, Tulva I, Gonzalez-Guzman M, 
Rodriguez PL, Schroeder JI, Brosche M, Kollist H (2013) PYR/RCAR 
Receptors Contribute to Ozone-, Reduced Air Humidity-, Darkness-, and 
CO2-Induced Stomatal Regulation. Plant Physiology 162:1652-1668.  
Messinger SM, Buckley TN, Mott KA (2006) Evidence for involvement of 
photosynthetic processes in the stomatal response to CO2. Plant 
Physiology 140:771-778.  
Meyer S, Mumm P, Imes D, Endler A, Weder B, Al-Rasheid KA, Geiger D, Marten I, 
Martinoia E, Hedrich R (2010) AtALMT12 represents an R-type anion 
channel required for stomatal movement in Arabidopsis guard cells. Plant J 
63:1054-1062.  
Millar AJ, Carré IA, Strayer CA, Chua NH, Kay SA (1995) Circadian clock mutants in 
Arabidopsis identified by luciferase imaging. Science (New York, NY) 
267:1161-1163.  
Mott KA (1988) Do Stomata Respond to CO2 Concentrations Other than 
Intercellular? Plant Physiology 86:200-203.  
Mustilli AC, Merlot S, Vavasseur A, Fenzi F, Giraudat J (2002) Arabidopsis OST1 
protein kinase mediates the regulation of stomatal aperture by abscisic 
acid and acts upstream of reactive oxygen species production. Plant Cell 
14:3089-3099.  
Nadeau JA (2009) Stomatal development: new signals and fate determinants. 
Current Opinion in Plant Biology 12:29-35.  
Nagel DH, Kay SA (2012) Complexity in the Wiring and Regulation of Plant Circadian 
Networks. Current Biology 22:R648-R657.  
Nakamichi N, Kiba T, Henriques R, Mizuno T, Chua N-H, Sakakibara H (2010) 
PSEUDO-RESPONSE REGULATORS 9, 7, and 5 Are Transcriptional 
Repressors in the Arabidopsis Circadian Clock. Plant Cell 22:594-605.  
Negi J, Matsuda O, Nagasawa T, Oba Y, Takahashi H, Kawai-Yamada M, Uchimiya H, 
61 
 
Hashimoto M, Iba K (2008) CO2 regulator SLAC1 and its homologues are 
essential for anion homeostasis in plant cells. Nature 452:483-486.  
Ohashi-Ito K, Bergmann DC (2006) Arabidopsis FAMA controls the final 
proliferation/differentiation switch during stomatal development. The Plant 
cell 18:2493-2505.  
Olsen RL, Pratt RB, Gump P, Kemper A, Tallman G (2002) Red light activates a 
chloroplast-dependent ion uptake mechanism for stomatal opening under 
reduced CO2 concentrations in Vicia spp. New Phytol 153:497-508.  
Onai K, Ishiura M (2005) PHYTOCLOCK 1 encoding a novel GARP protein essential 
for the Arabidopsis circadian clock. Genes to cells : devoted to molecular & 
cellular mechanisms 10:963-972.  
Osakabe Y, Osakabe K, Shinozaki K, Tran L-SP (2014) Response of plants to water 
stress. Frontiers in Plant Science 5.  
Pantin F, Monnet F, Jannaud D, Costa JM, Renaud J, Muller B, Simonneau T, Genty B 
(2013) The dual effect of abscisic acid on stomata. The New phytologist 
197:65-72.  
Park S-Y, Fung P, Nishimura N, Jensen DR, Fujii H, Zhao Y, Lumba S, Santiago J, 
Rodrigues A, Chow T-FF, Alfred SE, Bonetta D, Finkelstein R, Provart NJ, 
Desveaux D, Rodriguez PL, McCourt P, Zhu J-K, Schroeder JI, Volkman BF, 
Cutler SR (2009) Abscisic Acid Inhibits Type 2C Protein Phosphatases via 
the PYR/PYL Family of START Proteins. Science 324:1068-1071.  
Planes MD, Niñoles R, Rubio L, Bissoli G, Bueso E, García-Sánchez MJ, Alejandro S, 
Gonzalez-Guzmán M, Hedrich R, Rodriguez PL, Fernández JA, Serrano R 
(2015) A mechanism of growth inhibition by abscisic acid in germinating 
seeds of Arabidopsis thaliana based on inhibition of plasma membrane H
+
-
ATPase and decreased cytosolic pH, K
+
, and anions. Journal of Experimental 
Botany 66:813-825.  
Pokhilko A, Fernández AP, Edwards KD, Southern MM, Halliday KJ, Millar AJ (2012) 
The clock gene circuit in Arabidopsis includes a repressilator with 
additional feedback loops. Molecular Systems Biology 8.  
Raghavendra AS, Gonugunta VK, Christmann A, Grill E (2010) ABA perception and 
signalling. Trends in Plant Science 15:395-401.  
Roelfsema MR, Konrad KR, Marten H, Psaras GK, Hartung W, Hedrich R (2006) Guard 
cells in albino leaf patches do not respond to photosynthetically active 
radiation, but are sensitive to blue light, CO2 and abscisic acid. Plant, cell & 
environment 29:1595-1605.  
Roelfsema MR, Levchenko V, Hedrich R (2004) ABA depolarizes guard cells in intact 
plants, through a transient activation of R- and S-type anion channels. The 
Plant journal : for cell and molecular biology 37:578-588.  
Roelfsema MR, Steinmeyer R, Staal M, Hedrich R (2001) Single guard cell recordings 
in intact plants: light-induced hyperpolarization of the plasma membrane. 
The Plant journal : for cell and molecular biology 26:1-13.  
Roelfsema MRG, Hanstein S, Felle HH, Hedrich R (2002) CO2 provides an 
intermediate link in the red light response of guard cells. Plant Journal 
32:65-75.  
62 
 
Roelfsema MRG, Hedrich R (2005) In the light of stomatal opening: new insights into 
‘the Watergate’. New Phytol 167:665-691.  
Ruth F (2013) Abscisic Acid Synthesis and Response. Abscisic Acid Synthesis and 
Response 12.  
Sanchez-Serrano JJ, Salinas J (2014) Arabidopsis Protocols. Methods in Molecular 
Biology, vol 1062, 3 edn. Humana Press.  
Sato A, Sato Y, Fukao Y, Fujiwara M, Umezawa T, Shinozaki K, Hibi T, Taniguchi M, 
Miyake H, Goto DB, Uozumi N (2009) Threonine at position 306 of the 
KAT1 potassium channel is essential for channel activity and is a target site 
for ABA-activated SnRK2/OST1/SnRK2.6 protein kinase. Biochem J 424:439-
448.  
Schaffer R, Ramsay N, Samach A, Corden S, Putterill J, Carre IA, Coupland G (1998) 
The late elongated hypocotyl mutation of Arabidopsis disrupts circadian 
rhythms and the photoperiodic control of flowering. Cell 93:1219-1229.  
Schroeder JI, Raschke K, Neher E (1987) Voltage dependence of K+ channels in 
guard-cell protoplasts. Proc Natl Acad Sci USA 84:4108-4112.  
Schwartz A, Zeiger E (1984) Metabolic energy for stomatal opening. Roles of 
photophosphorylation and oxidative phosphorylation. Planta 161:129-136.  
Seidel T, Scholl S, Krebs M, Rienmüller F, Marten I, Hedrich R, Hanitzsch M, Janetzki 
P, Dietz K-JJ, Schumacher K (2012) Regulation of the V-type ATPase by 
redox modulation. The Biochemical journal 448:243-251.  
Seo PJ, Mas P (2015) STRESSing the role of the plant circadian clock. Trends in Plant 
Science 20:230-237.  
Serrano EE, Zeiger E, Hagiwara S (1988) Red light stimulates an electrogenic proton 
pump in Vicia guard cell protoplasts. Proceedings of the National Academy 
of Sciences 85:436-440.  
Sharkey TD, Raschke K (1981) Separation and measurement of direct and indirect 
effects of light on stomata. Plant physiology 68:33-40.  
Shi K, Li X, Zhang H, Zhang G, Liu Y, Zhou Y, Xia X, Chen Z, Yu J (2015) Guard cell 
hydrogen peroxide and nitric oxide mediate elevated CO2-induced 
stomatal movement in tomato. New Phytol 208:342-353.  
Shigeoka S, Maruta T (2014) Cellular redox regulation, signaling, and stress response 
in plants. Bioscience, biotechnology, and biochemistry 78:1457-1470.  
Shimazaki K-i, Doi M, Assmann SM, Kinoshita T (2007) Light regulation of stomatal 
movement. In:  Annual Review of Plant Biology, vol 58. Annual Review of 
Plant Biology. pp 219-247.  
Somers DE, Schultz TF, Milnamow M, Kay SA (2000) ZEITLUPE encodes a novel 
clock-associated PAS protein from Arabidopsis. Cell 101:319-329.  
Somers DE, Webb AA, Pearson M, Kay SA (1998) The short-period mutant, toc1-1, 
alters circadian clock regulation of multiple outputs throughout 
development in Arabidopsis thaliana. Development (Cambridge, England) 
125:485-494.  
Son Y, Cheong YK, Kim NH, Chung HT, Kang DG, Pae HO (2011) Mitogen-Activated 
Protein Kinases and Reactive Oxygen Species: How Can ROS Activate 
MAPK Pathways? Journal of signal transduction 2011:792639.  
63 
 
Stadler R, Büttner M, Ache P, Hedrich R, Ivashikina N, Melzer M, Shearson SM, Smith 
SM, Sauer N (2003) Diurnal and light-regulated expression of AtSTP1 in 
guard cells of Arabidopsis. Plant physiology 133:528-537.  
Sugano SS, Shimada T, Imai Y, Okawa K, Tamai A, Mori M, Hara-Nishimura I (2010) 
Stomagen positively regulates stomatal density in Arabidopsis. Nature 
463:241-U130.  
Taiz L, Zeiger E (2006) Plant Physiology. Sinauer Associates, Inc., third edn. Sinauer 
Associates, Inc., USA.  
Takahashi N, Hirata Y, Aihara K, Mas P (2015) A Hierarchical Multi-oscillator Network 
Orchestrates the Arabidopsis Circadian System. Cell 163:148-159.  
Takemiya A, Sugiyama N, Fujimoto H, Tsutsumi T, Yamauchi S, Hiyama A, Tada Y, 
Christie JM, Shimazaki K-i (2013) Phosphorylation of BLUS1 kinase by 
phototropins is a primary step in stomatal opening. Nature 
Communications 4.  
Talbott LD, Shmayevich IJ, Chung YS, Hammad JW, Zeiger E (2003) Blue light and 
phytochrome-mediated stomatal opening in the npq1 and phot1 phot2 
mutants of Arabidopsis. Plant Physiology 133:1522-1529.  
Talbott LD, Zhu J, Han S, Zeiger E (2002) Phytochrome and blue light-mediated 
stomatal opening in the orchid, Paphiopedilum. Plant and cell physiology 
43:639-646.  
Tallman G (2004) Are diurnal patterns of stomatal movement the result of 
alternating metabolism of endogenous guard cell ABA and accumulation 
of ABA delivered to the apoplast around guard cells by transpiration? 
Journal of Experimental Botany 55:1963-1976.  
Taylor AR, Assmann SM (2001) Apparent absence of a redox requirement for blue 
light activation of pump current in broad bean guard cells. Plant physiology 
125:329-338.  
Tian W, Hou C, Ren Z, Pan Y, Jia J, Zhang H, Bai F, Zhang P, Zhu H, He Y, Luo S, Li L, 
Luan S (2015) A molecular pathway for CO2 response in Arabidopsis guard 
cells. Nature Communications 6.  
Tominaga M, Kinoshita T, Shimazaki K (2001) Guard-Cell Chloroplasts Provide ATP 
Required for H+ Pumping in the Plasma Membrane and Stomatal Opening. 
Plant and Cell Physiology 42:795802.  
Waadt R, Manalansan B, Rauniyar N, Munemasa S, Booker MA, Brandt B, Waadt C, 
Nusinow DA, Kay SA, Kunz H-H, Schumacher K, DeLong A, Yates JR, 
Schroeder JI (2015) Identification of Open Stomata1-Interacting Proteins 
Reveals Interactions with Sucrose Non-fermenting1-Related Protein 
Kinases2 and with Type 2A Protein Phosphatases That Function in Abscisic 
Acid Responses. Plant Physiology 169:760-779.  
Vahisalu T, Kollist H, Wang YF, Nishimura N, Chan WY, Valerio G, Lamminmaki A, 
Brosche M, Moldau H, Desikan R, Schroeder JI, Kangasjarvi J (2008) SLAC1 
is required for plant guard cell S-type anion channel function in stomatal 
signalling. Nature 452:487-491.  
Wang F-F, Lian H-L, Kang C-Y, Yang H-Q (2010) Phytochrome B Is Involved in 
Mediating Red Light-Induced Stomatal Opening in Arabidopsis thaliana. 
64 
 
Molecular Plant 3:246-259.  
Wang Y, Noguchi K, Ono N, Inoue S-i, Terashima I, Kinoshita T (2014) 
Overexpression of plasma membrane H
+
-ATPase in guard cells promotes 
light-induced stomatal opening and enhances plant growth. Proceedings of 
the National Academy of Sciences of the United States of America 111:533-
538.  
Wang Z-Y, Tobin EM (1998) Constitutive Expression of the CIRCADIAN CLOCK 
ASSOCIATED 1 (CCA1) Gene Disrupts Circadian Rhythms and Suppresses 
Its Own Expression. Cell 93:1207-1217.  
Vavasseur A, Raghavendra AS (2005) Guard cell metabolism and CO2 sensing. New 
Phytol 165:665-682.  
Webb AA, Hetherington AM (1997) Convergence of the abscisic acid, CO2, and 
extracellular calcium signal transduction pathways in stomatal guard cells. 
Plant physiology 114:1557-1560.  
Webb AAR (2003) The physiology of circadian rhythms in plants. New Phytol 
160:281-303.  
Vener AV, Ohad I, Andersson B (1998) Protein phosphorylation and redox sensing in 
chloroplast thylakoids. Current opinion in plant biology 1:217-223.  
Wijngaard PWJvd, Sinnige MP, Roobeek I, Reumer A, Schoonheim PJ, Mol JNM, 
Wang M, Boer AHd (2005) Abscisic acid and 14-3-3 proteins control K + 
channel activity in barley embryonic root. Plant Journal 41:43-55.  
Willmer C, Fricker M (1996) Stomata. Chapman and Hall. Chapman and Hall, UK.  
Willmer CM, Sexton R (1979) Stomata and plasmodesmata. Protoplasma 100:113-
124.  
Vlad F, Rubio S, Rodrigues A, Sirichandra C, Belin C, Robert N, Leung J, Rodriguez PL, 
Lauriere C, Merlot S (2009) Protein phosphatases 2C regulate the activation 
of the Snf1-related kinase OST1 by abscisic acid in Arabidopsis. Plant Cell 
21:3170-3184.  
Wu C, Feng J, Wang R, Liu H, Yang H, Rodriguez PL, Qin H, Liu X, Wang D (2012) 
HRS1 Acts as a Negative Regulator of Abscisic Acid Signaling to Promote 
Timely Germination of Arabidopsis Seeds. Plos One 7.  
Xie X, Wang Y, Williamson L, Holroyd GH, Tagliavia C, Murchie E, Theobald J, Knight 
MR, Davies WJ, Leyser HM, Hetherington AM (2006) The identification of 
genes involved in the stomatal response to reduced atmospheric relative 
humidity. Current biology : CB 16:882-887.  
Xue S, Hu H, Ries A, Merilo E, Kollist H, Schroeder JI (2011) Central functions of 
bicarbonate in S-type anion channel activation and OST1 protein kinase in 
CO2 signal transduction in guard cell. Embo Journal 30:1645-1658.  
Yin Y, Adachi Y, Ye W, Hayashi M, Nakamura Y, Kinoshita T, Mori IC, Murata Y (2013) 
Difference in abscisic acid perception mechanisms between closure 
induction and opening inhibition of stomata. Plant physiology 163:600-610.  
Yoshida R, Hobo T, Ichimura K, Mizoguchi T, Takahashi F, Aronso J, Ecker JR, 
Shinozaki K (2002) ABA-activated SnRK2 protein kinase is required for 
dehydration stress signaling in Arabidopsis. Plant and Cell Physiology 
43:1473-1483.  
65 
 
Young JJ, Mehta S, Israelsson M, Godoski J, Grill E, Schroeder JI (2006) CO2 signaling 
in guard cells: Calcium sensitivity response modulation, a Ca2+-
independent phase, and CO2 insensitivity of the gca2 mutant. Proceedings 
of the National Academy of Sciences of the United States of America 
103:7506-7511.  
Zeiger E (2000) Sensory transduction of blue light in guard cells. Trends in Plant 
Science 5:183-185.  
Zeiger E, Zhu JX (1998) Role of zeaxanthin in blue light photoreception and the 
modulation of light-CO2 interactions in guard cells. Journal of Experimental 
Botany 49:433-442.  
Zimmerli C, Ribot C, Vavasseur A, Bauer H, Hedrich R, Poirier Y (2012) PHO1 
expression in guard cells mediates the stomatal response to abscisic acid in 
Arabidopsis. Plant Journal 72:199-211.  
 
66 
 
Acknowledgements 
I would like to thank all the people who contributed to this work and supported 
me on the way. First of all I would like to express my gratitude and high 
appreciation to my supervisor Maria Israelsson Nordström for giving me the 
great opportunity to join her research group and pursue a doctoral degree. I am 
thankful to her for scientific advice and guidance, encouragement, inspiration 
and tremendous support throughout all these years. 
I would like to extend my gratitude to my supervisor Thomas Moritz for 
giving me the opportunity to carry on with my work at UPSC, for the support, 
valuable scientific advice and for the metabolomics analyses. 
I am grateful to my co-supervisor Maria E. Eriksson for introducing me to 
the world of circadian clock, for the fruitful collaboration, for help with the 
thesis and manuscript preparation. 
Many thanks to my co-supervisor Olivier Keech for valuable scientific 
discussions, input on the manuscripts preparation, for being helpful and 
supportive. 
I would also like to thank Birgitta Bergman and Lisbeth Jonsson for the 
possibility to work at the Department of Ecology, Environment and Plant 
Sciences, Stockholm University where my PhD project began. I would like to 
specially thank my former co-supervisor Katharina Pawlowski for her 
assistance and advice during the first years of my PhD. Thanks to Irina, 
Tomas, Pim and Sven for all the good moments shared. Thanks to Doug for 
valuable advice in the lab. 
Thanks to Ulrika Ganeteg for the successful collaboration and to Iftikhar 
for participation in the gas exchange measurements. 
I would like to thank Manuela for all the help during stomatal conductance 
measurements, stomatal bioassays and manuscript preparation. 
Thanks to Hasse for the multivariate analyses of metabolomics data and 
valuable advice on interpretation of the results. 
67 
I would like to thank Inga-Britt for the assistance with samples preparation 
and performing GC-MS analyses. 
I would like to thank my former group members Marian and Malgorzata 
Plaszczyca, Alfonso Mateo-Penas and Hanumakumar Bogireddi for their 
invaluable help and support. 
I would like to thank Jan and Daria for Illustrator and Photoshop help. 
Thanks to Marta for help and advice on the microscopy work and in the 
lab. 
I would like to thank Inga-Lis and Gun-Britt for the help with 
administrative work. 
I highly appreciate the help from Jenny and all the greenhouse staff with 
plant care and maintenance of the growth facilities. Special thanks to Rosie for 
taking care of autoclaving and glassware washing. 
Zsofia, Daria, Barbara, Carole and Guillermo thank you very much for 
all the wonderful moments. You brighten up my days. Anne, Mateusz, David, 
Melis, Theres, Daniela, Bernard, Gosia, Hardy, Stefano, Alfredo, 
Carolina, Haleh, Ruben, Julia, Thomas Dobrenel, Thomas Vain, Ioanna, 
Shashank, Iftikhar, Jihua, Bernadette, Kerstin, Kristoffer, Daniel, 
Edward, Adeline, Mark, Gloria, Henrik, Christoffer thank you for the 
enjoyable company. 
Thanks to all the former and present colleagues at Stockholm University 
and at UPSC for all the help and support. Thanks to everybody at UPSC for 
creating a very special, warm and friendly environment that made it a pleasure 
to work there. 
Special thanks to my former supervisor Maria F. Shishova in St. 
Petersburg State University for giving me the opportunity of doing plant 
research. 
Thanks to all my friends for their generosity and kindness. 
Finally, I would like to thank my family for their unconditional love and 
support during the life-long journey. 
